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In thoughts of my MOM ...
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a b s t r a c t

Mitochondrial Ca2+ sequestration is a well-known process that is involved in various physiological and

pathological mechanisms. Using isolated suspended mitochondria one unique mitochondrial Ca2+ uni-

porter was considered to account ubiquitously for the transfer of Ca2+ into these organelles. However,

by applying alternative techniques for measuring mitochondrial Ca2+ uptake evidences for molecularly

distinct mitochondrial Ca2+ carriers accumulated recently. Herein we compared different methodical

approaches of studying mitochondrial Ca2+ uptake. Patch clamp technique on mitoplasts from endothelial

and HeLa cells revealed the existence of three and two mitoplast Ca2+ currents (ICaMito), respectively.

According to their conductance, these channels were named small (s-), intermediate (i-), large (l-) and

extra-large (xl-) mitoplast Ca2+ currents (MCC). i-MCC was found in mitoplasts of both cell types whereas

s-MCC and l-MCC or xl-MCC were/was exclusively found in mitoplasts from endothelial cells or HeLa

cells. The comparison of mitochondrial Ca2+ signals, measured either indirectly by sensing extra-mito-

chondrial Ca2+ or directly by recording changes of the matrix Ca2+, showed different Ca2+ sensitivities

of the distinct mitochondrial Ca2+ uptake routes. Subpopulations of mitochondria with different Ca2+

uptake capacities in intact endothelial cells could be identified using Rhod-2/AM. In contrast, cells

expressing mitochondrial targeted pericam or cameleon (4mtD3cpv) showed homogeneous mitochon-

drial Ca2+ signals in response to cell stimulation. The comparison of different experimental approaches

and protocols using isolated organelles, permeabilized and intact cells, pointed to cell-type specific

and versatile pathways for mitochondrial Ca2+ uptake. Moreover, this work highlights the necessity of

the utilization of multiple technical approaches to study the complexity of mitochondrial Ca2+

homeostasis.

� 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Mitochondria achieve a multitude of biochemical functions

(Graier et al., 2007; McBride et al., 2006) of which the combustion

of substrates coupled to the transfer of electrons to molecular oxy-

gen, proton pumping across the inner mitochondrial membrane

yielding ATP generation are the best-known examples (Kennedy

and Lehninger, 1949). Because of such central role in energymetab-

olism mitochondria are often referred to as the cell’s powerhouses.

The ability of mitochondria to rapidly transform their morpho-

logical appearance is an additional remarkable feature of these

organelles (Chen, 1988; Koshiba et al., 2004; Liu et al., 2009).

Mostly, mitochondria create worm-like structures, which are con-

stantly remodeled by fission, fusion and branching (Bereiter-Hahn

and Jendrach, 2010). Moreover, mitochondria are transiently teth-

ered to other cell structures such like the endoplasmic reticulum

(ER) (Csordas et al., 1999; de Brito and Scorrano, 2008; Merkwirth

and Langer, 2008), the nucleus (Liu and Butow, 2006), other organ-

elles (Stemberger et al., 1984), the plasma membrane (Malli et al.,

2003), the cytoskeleton (Ball and Singer, 1982), and linked to mo-

tor-proteins for directed movements (Liu and Hajnoczky, 2009).

Another striking feature of mitochondria is their ability to

sequester calcium ions (Ca2+), nature’s most widely used second

messenger (Berridge et al., 2000; Dhalla, 1969; Graier et al.,

2007; Malli and Graier, 2010). Mitochondrial Ca2+ uptake plays

an important role in the cell’s physiological and pathological signal

transduction (Berridge et al., 2003; Demaurex and Distelhorst,

2003; Duchen et al., 2008). The transfer of Ca2+ into mitochondria

is assumed to impact cell signaling basically by two processes.

Firstly, mitochondrial Ca2+ uptake shapes the amplitude, the tem-

poral- and spatial pattern of local as well as global extra-mitochon-

drial Ca2+ signals, which considerably impacts on Ca2+-sensitive

processes upon cell stimulation (Knot et al., 2005) (i.e. Ca2+ buffer

function). Secondly, elevated mitochondrial Ca2+ is crucially impor-

tant for cellular processes such as respiration and ATP production

(Wiederkehr et al., 2011), autophagy (Decuypere et al., 2011),

0303-7207/$ - see front matter � 2011 Elsevier Ireland Ltd. All rights reserved.
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protein folding (Osibow et al., 2006), gene expression (Cao and

Chen, 2009) and, upon excessive Ca2+ overload, the initiation of

programmed cell death (apoptosis) (Giorgi et al., 2008).

The phenomenon of mitochondrial Ca2+ uptake has been discov-

ered in the early 1960s (Deluca and Engstrom, 1961) when it was

recognized that isolated mitochondria have a high capacity to

sequester Ca2+. In these experiments mitochondrial Ca2+ uptake

was assessed indirectly by measuring the reduction of the extra-

mitochondrial Ca2+ concentration upon repetitive applications of

Ca2+ portions to isolated, suspended, respiring mitochondria. With

such kinds of experiments the enormous capacity of mitochondria

to absorb Ca2+ was discovered and mitochondrial Ca2+ uptake was

well characterized as the so-called mitochondrial Ca2+ uniport

(MCU) (reviewed by Malli and Graier, 2010). It was shown that

the MCU is indeed a Ca2+ ion channel (Kirichok et al., 2004). More

recently, one component of the elusive MCU has been discovered

by integrative genomics (Baughman et al., 2011; De Stefani et al.,

2011). Remarkably, the MCU of isolated mitochondria exhibited a

rather low Ca2+ affinity (Gunter et al., 1994). Based on this low

Ca2+ affinity, mitochondrial Ca2+ uptake was considered as physio-

logically irrelevant, and mitochondria were thought to work as

passive Ca2+ sinks (reviewed by Santo-Domingo and Demaurex,

2010). However, due to the development of mitochondria targeted

luminescent or later on fluorescent protein-based Ca2+ sensors that

allowed a direct measurement of mitochondrial Ca2+ signals, mito-

chondria were demonstrated to actively contribute to the cells Ca2+

homeostasis (Rizzuto et al., 1992; Jiang et al., 2009; Perocchi et al.,

2010; Trenker et al., 2008; Miyawaki et al., 1999, 2003; Nagai et al.,

2002; Szabadkai et al., 2004). Direct measurements of mitochon-

drial Ca2+ signals in cells using this novel technique revealed dis-

tinct modes of mitochondrial Ca2+ uptake with high Ca2+

sensitivities not seen in isolated mitochondria before (Waldeck-

Weiermair et al., 2010a,b). In line with this work, the contribution

of two proteins to distinct mitochondrial Ca2+ uptake routes in one

given cell was described (Waldeck-Weiermair et al., 2011).

In this study different techniques ranging from indirect mea-

surements using isolated, suspended mitochondria to direct

recordings of mitochondrial free Ca2+ concentration in intact living

cells were compared. This comparison highlights the crucial differ-

ences of the various techniques and calls for caution for a direct

comparison of results obtained by the various methods. In addi-

tion, this work provides evidence for molecularly distinct, probably

interrelated, pathways for mitochondrial Ca2+ sequestration.

2. Materials and methods

2.1. Cell culture

Human umbilical vein endothelial cells (EA.hy926) (Edgell et al.,

1983) (passage number > 80) were grown on Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 10% fetal calf serum

(FCS), 1% HAT (5 mM hypoxanthin, 20 lM aminopterin, 0.8 mM

thymidine), 50 U/ml penicillin and 50 lg/ml streptomycin (PAA

Laboratories, Pasching Austria) at 37 �C, 5% CO2. HeLa cells were

grown on DMEM containing 10% FCS, 50 U/ml penicillin and

50 lg/ml streptomycin. The rat pancreatic cell line (INS-1; 832/

13) was cultured in RPMI 1640 medium containing 10% FCS,

10 mMHepes, 2 mM glutamine, 1 mMNa-pyruvate (PAA Laborato-

ries, Pasching Austria), 0.05 mM 2-mercaptoethanol, 50 U/ml pen-

icillin and 50 lg/ml streptomycin at 37 �C, 5% CO2. Mouse stromal

cells (OP9) were kindly provided by Dr. E. Steyrer (Department of

Molecular Biology and Biochemistry, Center for Molecular Medi-

cine, Medical University of Graz, Austria). Cardiac muscle cells de-

rived from mouse cardiomyocyte tumor lineage (HL1) were kindly

provided by Dr. K. Groschner (Institute of Pharmaceutical Sciences,

University of Graz, Austria). For single-cell analysis cells were

grown on glass coverslips, and transiently transfected with the

FRET-based mitochondrial sensor 4mtD3cpv using Transfast (Pro-

mega, Mannheim, Germany) according to the manufacturer’s pro-

tocol. Alternatively, EA.hy926 cells were stably transfected with

mitochondrial targeted ratiometric pericam (RPmt).

2.2. Isolation of mitochondria and mitoplasts

Mitochondria were freshly isolated by differential centrifuga-

tion from wild type yeast (Daum et al., 1982) or liver tissue of mice

(Storrie and Madden, 1990) as previously described (Trenker et al.,

2008). Isolated mitochondria were suspended in storage buffer

composed of 10 mM Hepes, 250 mM sucrose, 1 mM ATP,

0.08 mM ADP, 5 mM succinate, 2 mM KH2PO4, 1 mM DTT, pH ad-

justed to 7.4 with KOH (Lactan, Graz, Austria).

Mitoplasts were prepared from isolated mitochondria of HeLa

and a endothelial cell line (Ea.hy926) cells by differential centrifu-

gation steps using both methods of mitochondria isolation kit for

cultured cells (Thermo Scientific 89874, USA) and an organelle iso-

lation protocol described by Frezza et al. (2007). Mitoplast forma-

tion was achieved by incubation of isolated mitochondria in 4

volumes hypotonic solution (5 mM Hepes, 5 mM sucrose, 1 mM

EGTA, pH adjusted to 7.4 with KOH < 10 mM) and equilibrated on

ice with 1 volume hypertonic solution (750 mM KCl, 80 mMHepes,

1 mM EGTA, pH adjusted to 7.4 with KOH < 10 mM) after 15 min.

2.3. Mitoplast patch clamp recordings

All measurements were performed in mitoplast-attached con-

figuration of the patch-clamp technique at room temperature.

Gigaohm seals were established on the membrane section opposite

to the cap region. Patch pipettes were pulled from glass capillaries

using a Narishige puller (Narishige Co., Ltd., Tokyo, Japan), fire-pol-

ished and had a resistance of 8–12 MX when filled with a solution

containing 105 mM CaCl2, 10 mM Hepes, or low chloride solution

with 55 mM Ca-methanesulfonate, 50 mM CaCl2, 10 mM Hepes,

pH adjusted to 7.2 with Ca(OH). Bath solution contained 150 mM

KCl, 1 mM EGTA, 1 mM EDTA, 10 mM Hepes, pH adjusted to 7.2

with KOH. 10 lM Cyclosporin A (Tocris Bioscience, Bristol, UK)

and 20 lM CGP-37157 (Ascent Scientific Ltd., Bristol, UK) were

added to both the bath and pipette solution. Ruthenium red

(RuR) (10 lM) (Merck Chemicals Ltd., Darmstadt, Germany) was

added when indicated. Currents were recorded using a patch-

clamp amplifier (EPC7, List Electronics, Darmstadt, Germany) at a

bandwidth of 3 kHz. Data collection was performed using Clampex

software of pClamp (V9.0, Axon Instruments). Signals obtained

were low pass filtered at 1 kHz using an eight-pole Bessel filter

(Frequency Devices), and digitized with a sample rate of 10 kHz

using a Digidata 1200A A/D converter (Axon Instruments, Foster

City, CA, USA). Voltage ramps of 1 s duration from �150 and

+50 mV were delivered every 10 s from the holding potential

0 mV. Single channel currents were recorded at a fixed holding po-

tential at �160, �150, �140 and �100 mV.

2.4. Indirect measurement of mitochondrial Ca2+ uptake of isolated

mitochondria and permeabilized cells

Indirect measurement of free mitochondrial Ca2+ uptake was

performed with Calcium-Green� 5 N. Samples of isolated mito-

chondria (0.25 mg/ml) and HeLa cells (2.5 � 106 cells/ml, har-

vested by trypsinization) were suspended in high potassium

buffer composed of 110 mM KCl, 500 lM K2HPO4, 1 mM MgCl2,

20 mM Hepes, 10 lM EGTA, 5 mM succinate, pH adjusted to 7.3

with KOH. In isolated mitochondria rotenone was supplied to

4 lM, while digitonin (Sigma, Vienna, Austria) was added to

C. Jean-Quartier et al. /Molecular and Cellular Endocrinology 353 (2012) 114–127 115



30 lM to permeabilize cells. Calcium-Green� 5 N indicator was

added to both samples to a final concentration of 0.25 lM. Ca2+ up-

take of permeabilized cells and isolated mitochondria in suspen-

sion was measured on a fluorescence spectrophotometer (Hitachi

F-4500; Hitachi, Inula, Vienna, Austria) at 506 nm for excitation

and 532 nm for emission.

2.5. Direct measurement of free mitochondrial Ca2+ by chemical

fluorophores and mitochondrial targeted biosensors

Single isolated mitochondria were incubated with Fura-2/AM

(3.3 lg/ml) in the dark for 1 h at RT. Samples of 20 ll suspended
Fura-2/AM-loaded isolated mitochondria were incubated for

8 min on a coverslip until they got attached. Samples were per-

fused with high potassium buffer for measurement on a Zeiss Axio-

vert 200 M (Zeiss, Vienna, Austria) at 340 and 380 nm excitation

(340HT15, 380HT15, Omega Optical, Brattleborough, VT, USA)

and 510 nm emission filter (510WB40, Omega Optical), as de-

scribed before (Trenker et al., 2008). Intact cells, on glass cover-

slips, were loaded with 5 lM Rhod-2/AM for 30 min at room tem-

perature, excited at 514 nm (150 mW Ar laser, Laser Physics, USA)

and fluorescence was monitored at 570 nm (E570LPv2, Chroma

Technology Corp. Rockingham, VT, USA). Single-cell measurements

of mitochondrial Ca2+ was done in endothelial cells either transfec-

ted with RPmt (Nagai et al., 2002) or 4mtD3cpv (Palmer et al.,

2006) using a Zeiss Axiovert 200 M (40� oil objective, Zeiss), a

polychromator illumination system (VisiChrome High Speed, Xe-

non lamp, Visitron Systems, Puchheim, Germany) and a thermo-

electric-cooled CCD camera (Photometrics Coolsnap HQ, Visitron

Systems) or a Nikon Eclipse TE300 (Plan Fluor 40� oil objective, Ni-

kon, Japan), a polychromator lamp (Opti Quip 770, USA) and a li-

quid-cooled CCD camera (Photometrics Quantix KAF, Roper

Scientific, Tucson, AZ, USA). Data acquisition and analysis was done

using the MetaMorph or VisiView software (Visitron Systems).

Glass coverslips were mounted into an experimental chamber

equipped with a perfusion system at a rate around 2 ml/min. Cells

were put into resting solution prior to experiments composed of

135 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM Hepes,

2.6 mM NaHCO3, 440 lM KH2PO4, 340 lM Na2HPO4, 10 mM D-glu-

cose, 0.1% vitamins, 0.2% essential amino acids, 1% penicillin/strep-

tomycin, pH adjusted to 7.4 with NaOH. For experiments cells were

perfused with Ca2+-free solution, composed of 138 mMNaCl, 5 mM

KCl, 1 mMMgCl2, 10 mM D-glucose, 1 mM EGTA, pH adjusted to 7.4

with NaOH. Cells were stimulated by the addition of either 100 lM
carbachol, 100 lM ATP or 100 lM histamine and 15 lM BHQ.

RPmt was used to simultaneously measure free mitochondrial

Ca2+ at 410/438 nm excitation and changes in pH at 485 nm exci-

tation, both with emission at 535 nm (433DF15/535AF26, Omega

Optical). Excitation of the 4mtD3cpv was applied at 440 ± 10 nm

(440AF21, Omega Optical), and emission was recorded at 480

and 535 nm using a beam splitter (Optical Insights, Visitron Sys-

tems). Excitation filters were adjusted through a filter-wheel

(MAC 6000/5000, Ludl Electronic Products, Hawthorne, NY, USA).

Devices were controlled and data was recorded by MetaFluor

4.6r3 software or VisiView 2.0.3 (Universal Imaging, Visitron

Systems).

2.6. Confocal imaging of intact cells and mitochondrial preparations

Z-scans were performed on a Nipkow-disk-based array confocal

laser-scanning microscope, as described before (Trenker et al.,

2008).

3. Results

3.1. Isolated mitoplasts exhibit multiple distinct Ca2+ currents that

vary depending on the cell type chosen for isolation

Using isolated mitochondria is the most invasive and elaborated

method to investigate the phenomenon of mitochondrial Ca2+ up-

take. However, this technique is certainly a very useful and insight-

ful approach to look at mitochondrial signaling. One powerful

feature of using isolated organelles is the possibility to apply the

patch clamp technique, which allows the characterization of intra-

cellular Ca2+ channels even on the single channel level. We isolated

mitochondria from different cell lines and tissues, stained them

with MitoTracker�, and imaged them on a fluorescence micro-

scope. Isolated mitochondria always appeared as small spherical

structures with diameters ranging from 0.25 to 1.5 lm (Trenker

et al., 2008) that tend to aggregate independently from the source

used (Fig. 1A). In order to patch the inner mitochondrial membrane

(IMM), mitochondria were swelled in hypotonic media, which

leads to the rupture of the outer mitochondrial membrane

(OMM) obtaining larger objects, the so-called mitoplasts. Mitop-

lasts from HeLa and endothelial cells were sometimes large in size

and frequently contained remnants of the OMM, visible next to the

mitotracker-stained particle (Fig. 1B). Non-fluorescent particles are

equally attributed to OMM remnants as to disrupted mitochondria,

which do not accumulate mitotracker molecules. Mitoplasts were

Fig. 1. Ca2+ currents and Ca2+ uptake in isolated mitochondria. (A) Isolated

mitochondria. (B) Mitotracker-stained mitoplasts, prepared from HeLa cells,

showing remnants of outer membrane. (C) Representative tracings in mitoplasts-

attached mode of membrane currents induced by voltage ramps from �150 to

50 mV in HeLa (n = 6) and Ea.hy 926 cells (n = 3), before (black trace) and after

addition of RuR (red trace). (D) Representative tracings of single channel events

showing two types of single channel conductances at Vm = �100 and �150 mV in

mitoplasts from HeLa cells (n = 10), shown in the right panel, and at Vm = �140 mV

and �160 mV for mitoplasts from Ea.hy 926 cells (n = 5), shown in the left panel. (E)

Two representative tracings of mitochondrial Ca2+ uptake in response to 0.14 lmol

Ca2+/mg protein in suspended mitochondria of one given preparation measured by

Calcium-Green� 5 N in the bath. (F) Ca2+ response in single Fura-2/AM-loaded

isolated mitochondria evoked by the addition of 10 lM free Ca2+, three represen-

tative curves (n = 22).
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used to measure Ca2+ currents in the mitoplast-attached configura-

tion. Patch experiments were carried out in buffers containing

cyclosporin A for inhibition of mitochondrial permeability transi-

tion pore opening and CGP-37157 for blocking mitochondrial

Na+/Ca2+ exchanger (Cox and Matlib, 1993; Cox et al., 1993) and

Letm1 (Jiang et al., 2009). Moreover, experiments were carried

out with low chloride buffer in the pipette, to test whether or

not obtained currents are, at least in part, carried by Cl� outward

currents. There were no differences in the observed current con-

ductance and density whether low chloride or high chloride con-

centration was present in the pipette (data not shown), thus,

confirming that the currents measured are carried by Ca2+ move-

ments. Experiments with a high Ca2+ concentration in the patch

pipette revealed strong inward currents at negative potentials

(Fig. 1C, black trace), pointing to Ca2+ uniporter activities in these

mitoplasts. All Ca2+ currents (ICaMito) of mitoplasts from HeLa as

well as endothelial cells could be blocked by 10 lM RuR in the pip-

ette (Fig. 1C, red trace). Notably, the amplitudes of ICaMito measured

were not stable over time. Intermittently different ICaMito responses

to voltage ramps in one given mitoplast could be observed. This

finding might either point to fluctuations of the activity of one gi-

ven MCU channel or to the co-existence of more than one distinct

current amplitude of single channel events in mitoplasts from

endothelial cells (Fig. 1D, left panel) and HeLa cells (Fig. 1D, right

Fig. 1 (continued)
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panel). Time-lapsed recordings were taken at holding potentials of

either �100, �140, �150 or �160 mV and revealed clear single

channel openings in mitoplasts of both cells types. Out of these

recordings three and two distinct conductances of ICaMito could be

distinguished in endothelial and HeLa cells, respectively (Table 1).

These ICaMito were subsequently named as small (s-MCC), interme-

diate (i-MCC),large (l-MCC) and extra large (xl-MCC) mitoplast/

mitochondrial Ca2+ current (Table 1). Additional biophysical

parameters like the current’s appearance, mean open time, mean

closed time and open probabilities (nPo) are given in Table 1.

The i-MCC was found in mitoplasts from both cell types. In con-

trast, s-MCC that required high negative voltages and l-MCC were

only found in endothelial mitoplasts while xl-MCC was exclusively

found in HeLa cell mitoplasts (Table 1).

3.2. Isolated mitochondria exhibit different Ca2+ uptake pathways

A less laborious approach to study mitochondrial Ca2+ uptake of

isolated mitochondria is to measure the reduction of applied bath

Ca2+ boluses to suspended mitochondria using a fluorescence Ca2+

indicator in the medium. We used Calcium-Green� 5 N for this

purpose studying Ca2+ uptake of isolated mitochondria from mice

liver. Thereby, striking differences in the clearance of added Ca2+

could be observed among different experimental approaches,

although using isolated mitochondria from the same batch and ori-

gin under the same experimental conditions (Fig. 1E). Basically,

this finding is in line with the fluctuating activities of mitochon-

drial Ca2+ channels observed in mitoplasts, but might rather point

to variances in the stability of the quality of isolated mitochondria

from mice liver. Moreover, mitochondrial Ca2+ signals, if measured

directly by loading Fura-2/AM in isolated organelles, revealed quite

homogeneous signals of single isolated mitochondria using fluo-

rescence microscopy (Fig. 1F).

3.3. Mitochondrial Ca2+ uptake measured in permeabilized cells unveil

high and low Ca2+ sensitive pathways

Similar to the signals observed with isolated mitochondria the

indirect measurement of mitochondrial Ca2+ uptake of digitonin-

permeabilized HeLa cells using Calcium-Green� 5 N showed a fast

decline in the free extra-mitochondrial Ca2+ concentration upon

additions of Ca2+ portions (Fig. 2). The kinetics of mitochondrial

Ca2+ uptake in permeabilized cells remained unaltered for several

repeats of Ca2+ boluses over a considerable period of time, pointing

to the high capacity of mitochondria to absorb Ca2+ under these

conditions. However, after a certain number of cumulative addi-

tions of Ca2+ to a suspension of permeabilized HeLa cells, the

Ca2+ concentration of the medium strongly increased, indicating

mitochondrial Ca2+ overload and opening of a mitochondrial per-

meability transition pore (Huang et al., 2000; Hunter and Haworth,

1979). The number of the Ca2+ pulses that induced mitochondrial

Ca2+ overload and permeability transition pore opening naturally

correlated with the cell number used (Fig. 2A (1.3 � 106 cells)

and B (5.9 � 106 cells)).

In line with early results using isolated mitochondria and the

Calcium-Green� 5 N method (Eberhard and Erne, 1991) the mini-

mal Ca2+ concentration capable of activating mitochondrial Ca2+

uptake of suspended permeabilized cells was assessed to be explic-

itly higher than 3 lM (Fig. 2C). We hypothesized that the low Ca2+

affinity of the mitochondrial Ca2+ uptake pathway of permeabilized

HeLa cells recognized, was overestimated due to the Ca2+ buffer

capacity of Calcium-Green� 5 N in the medium, which naturally

lowers the free Ca2+ concentration available on sites of mitochon-

drial Ca2+ uptake. In order to test this assumption, analogous

experiments were performed using the high Ca2+ sensitive Fura-2

instead of Calcium-Green� 5 N to measure Ca2+ in the medium.

Using Fura-2 in the medium of the suspension, however, confirmed

the low Ca2+ affinity of mitochondrial Ca2+ uptake of permeabilized

HeLa cells (Fig. 2D). Similar data were obtained using permeabili-

zed endothelial cells (data not shown).

For comparison, similar experiments were performed on the

single cell level with permeabilized endothelial cells that stably ex-

pressed the fluorescence sensor protein mitochondrial targeted

pericam (RPmt). In contrast to the experiments above, this ap-

proach highlighted clear rises of [Ca2+]mito in permeabilized cells,

even at a Ca2+ concentration lower than 1 lM (Fig. 2E). Moreover,

this experimental approach revealed that the kinetics of mitochon-

drial Ca2+ uptake in one given model (i.e. permeabilized cells) cru-

cially depends on the sensor type and method chosen. Notably,

using the rather high-sensitive intraluminal Ca2+ sensor pericam

already at concentrations of 1 lM bath Ca2+ a strong mitochondrial

Ca2+ sequestration was detected, while the sensor signal got satu-

rated at concentrations > 1 lM bath Ca2+. In contrast, using a Ca2+

sensor in the bath (i.e. Calcium-Green� 5 N or Fura-2) bath Ca2+

concentrations > 3 lM are essential for measuring a significant

mitochondrial Ca2+ uptake (Fig. 2F).

Similar to its inhibitory effect on all ICaMito (Fig. 1C), Ruthenium-

Red (RuR) inhibited Ca2+ uptake in isolated mitochondria and per-

meabilized cells (Fig. 3). RuR mostly shows inability of passing cel-

lular membranes. Consequently, the usability of RuR in intact cells

is limited. The potent uncoupling agent carbonylcyanide-p-tri-

fluoro-methoxyphenyl-hydrazone (FCCP) inhibited Ca2+ uptake in

intact cells and mitochondrial preparations (Fig. 3). Notably, be-

cause RuR and FCCP do not impact other Ca2+ handling organelles,

the inhibition of Ca2+ uptake by RuR and FCCP reflects a decreased

mitochondrial Ca2+ uptake activity. Nevertheless, the impact of

RuR and FCCP on the rates of mitochondrial Ca2+ uptake differed

within the various model/method used. While almost no Ca2+ up-

take was detectable in presence of both chemical agents in perme-

abilized cells (Fig. 3C and D), in isolated suspended mitochondria

FCCP was more efficient than RuR (Fig. 3B and D). In case of single

isolated mitochondria both compounds appeared to be less active

in terms of their inhibitory potential on mitochondrial Ca2+ uptake

(Fig. 3B and D).

Table 1

Gating parameters of mitochondrial Ca2+ currents in mitoplasts from endothelial cells (EC) and HeLa cells.

Density Conductance (pS) Mean open time (ms) Mean closed time (ms) nPo

EC

s-MCC 4 out of 14 7.69 ± 1.42 2.44 ± 0.51 19.20 ± 15.88 0.88 ± 1.27

i-MCC 9 out of 14 13.37 ± 2.44 3.14 ± 0.58 11.26 ± 3.82 1.11 ± 0.64

l-MCC 3 out of 14 34.52 ± 4.65 4.57 ± 5.40 52.07 ± 35.87 0.70 ± 0.96

HeLa

i-MCC 15 out of 22 14.30 ± 2.67 3.6 ± 4.65 13.68 ± 9.62 0.67 ± 0.62

xl-MCC 9 out of 22 74.33 ± 25.7 1.9 ± 0.88 6.08 ± 1.50 1.11 ± 0.66

Abbreviations: number of patches (n), small (s), intermediate (i), large (l) and extra large (xl) mitochondrial Ca2+ current (MCC) in endothelial cells and HeLa cells; open-

probability of all channel events (nPo).

Data presented as mean ± standard deviation.
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Fig. 2. Variable responses of Ca2+ indicators in permeabilized cells. Digitonin-treated HeLa cells were exposed to exogenously added 50 lM Ca2+ pulses repeated after 100–

200 s and mitochondrial Ca2+ uptake was measured with Calcium-Green� 5 N in the bath. Cells show similar rates in uptake, but number of repeats varies in relation to cell

quantity, 1.3 � 106 cells (A, n = 3) and 5.9⁄106 cells (B, n = 3). (C) Representative tracings of mitochondrial Ca2+ uptake in suspended permeabilized cells in response to various

Ca2+ concentrations in Calcium-Green� containing buffer (n = 3). (D) Representative tracings of mitochondrial Ca2+ uptake in suspended permeabilized cells in response to

various Ca2+ concentrations in Fura-2 containing buffer (n = 3). (E) Representative tracings of mitochondrial Ca2+ uptake in suspended permeabilized cells stably expressing

RPmt in response to various Ca2+ concentrations. Data was normalized to % max of 1 � (F438/F0) at 1 lM free Ca2+ concentration (Waldeck-Weiermair et al., 2010a) and shown

as mean ± SEM (n = 8–17). (F) Statistical evaluation of the kinetics of mitochondrial Ca2+ sequestration presented as % max. slope of mitochondrial [Ca2+] signal of each

method upon various Ca2+ concentrations in permeabilized cells stably expressing RPmt (left panel; n = 8–17) or Calcium-Green� 5 N in the bath (right panel; n = 3–5),

presented as mean ± SEM.
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3.4. Rhod-2 staining reveals distinct subpopulations of mitochondria

with different basal Ca2+ levels and Ca2+ uptake capacity within intact

endothelial cells

Rhod-2 is a red fluorescent Ca2+ indicator of low molecular

weight that is frequently used to study mitochondrial Ca2+ signals

(Fonteriz et al., 2010). We loaded endothelial cells with the acet-

oxymethylester of Rhod-2 (Rhod-2/AM) in order to test the suit-

ability of this method. A detectable and consistent staining of all

mitochondria with Rhod-2 was observed only if cells were treated

for at least 30 min with 1 lM Rhod-2/AM at room temperature

(Fig. 4A, left panel). Exposure of these distinctly loaded cells to

514 nm laser light remarkably reduced the selectivity of mitochon-

drial staining of Rhod-2 within few minutes (Fig. 4A, right panel).

In order to reduce such putative phototoxicity, cells were moder-

ately loaded with Rhod-2/AM. Reduction of both the loading time

(10 min) and the concentration of Rhod-2/AM (300 nM) yielded a

spotty and apparent incomplete staining of mitochondria within

one given cell (Fig. 4B, left panel). Notably, most of the mitochon-

dria did not become apparent on the fluorescence microscope

using the moderate loading procedure. However, upon stimulation

with the IP3-generating agonist histamine caused a significant

flashing of nearly all mitochondrial structures (Fig. 4B, right panel),

indicating sufficient Rhod-2 loading to respond to Ca2+ rises in al-

most all mitochondria. The comparison of Rhod-2 signals of mito-

chondria that exhibited a clear staining already prior to cell

stimulation with those which were initially invisible, revealed dis-

tinct differences in their capability to respond to cellular Ca2+ sig-

nals (Fig. 4C and D). In one given cell, mitochondria that initially

showed a high Rhod-2 signal under resting conditions, only mod-

erately responded to stimulation with histamine (Fig. 4C and D,

red trace). In contrast, the greater subpopulation of mitochondria

with very low basal Rhod-2 signals, strongly responded to the

IP3-dependent Ca
2+ mobilization (Fig. 4C and D, green trace). These

findings point to the existence of distinct subpopulations of mito-

chondria with different basal Ca2+ levels and capacities to absorb

Ca2+. Moreover, the finding that mitochondria with high basal

Rhod-2 signals were almost incompetent to respond to cell stimu-

lation, might point to a negative feedback of Ca2+ on the mitochon-

drial Ca2+ uptake pathway.

3.5. Mitochondrial Ca2+ and H+ signals measured with the genetically

encoded sensors pericam and cameleon point to FCCP-sensitive

mitochondrial Ca2+ uptake machineries in intact cells

Mitochondrial targeted ratiometric pericam (RPmt) is a circular

permutated fluorescent protein (FP) that was developed by Miy-

awaki and colleagues in 2001 (Nagai et al., 2001) and exhibits an

exceptional targeting efficiency into mitochondria (Fig. 5A) based

on a N-terminal targeting sequence of 15 amino acids from the

mitochondrial cytochrome C oxidase subunit IV (COX IV). This pro-

tein-based Ca2+ sensor principally consists of a permutated yellow

fluorescent protein that is flanked by calmodulin and the Ca2+-cal-

modulin binding domain M13 (Fig. 5B). Pericam absorbs blue light

showing two excitation maxima, particularly in the range of 410–

440 nm and 480–490 nm, respectively, while emitting green light

at a maximum of approximately 535 nm (Fig. 5C). Ca2+ binding

to RPmt in intact cells mainly affected the fluorescence of this sen-

sor when excited with 410–440 nm. In contrast, the less Ca2+ sen-

sitive fluorescence of pericam at an excitation of 480–490 nm was

highly sensitive to changes in pH (Fig. 5C). These properties of peri-

cam offer the possibility to measure changes in Ca+ and H+ simul-

taneously (Fonteriz et al., 2010; Waldeck-Weiermair et al., 2011).

We used an endothelial cell line stably expressing RPmt in order

to study the impact of the chemical uncoupler FCCP on the mito-

chondrial Ca2+ and H+ homeostasis of intact cells (Fig. 5D and E).

Cell stimulation with the IP3-generating agonist histamine trig-

gered a fast and transient increase of mitochondrial Ca2+ levels

Fig. 3. Differences in the sensitivity of mitochondrial Ca2+ uptake to ruthenium red and depolarization depending the mitochondrial preparations. In absence (Control) or

presence of either 1 lM RuR or 1 lM FCCP, mitochondrial Ca2+ uptake in response to the addition of either 10 lM free Ca2+ to Fura-2/AM-loaded single isolated mitochondria

(Control: n = 22; RuR, n = 12; FCCP, n = 9) (A), 0.14 lmol Ca2+/mg protein to suspended mitochondria in Calcium-Green� 5 N containing solution (Control: n = 3; RuR, n = 3;

FCCP, n = 2) (B) or 50 lM Ca2+ to digitonin-permeabilized cells in Calcium-Green� 5 N containing solution (Control: n = 4; RuR, n = 3; FCCP, n = 3) (C). (D) Respective statistical

evaluation of the kinetics of mitochondrial Ca2+ sequestration presented as % max signal of each method upon Ca2+ addition in the absence (Control) or presence of RuR or

FCCP.
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(Fig. 5D, upper panel), which was subsequently associated with a

significant acidification of the mitochondrial matrix (Fig. 5D, lower

panel). Addition of FCCP during cell stimulation promptly reduced

[Ca2+]mito (Fig. 5D, upper panel) and naturally yielded a

Fig. 4. Different levels of Rhod-2 loading unmask mitochondrial subpopulations. Endothelial cells were treated for 30 min with 1 lMRhod-2/AM at room temperature (A, left

image) and exposed for 2 min at 514 nm (A, right image). Moderately Rhod-2/AM-loaded cells (i.e. 300 nM for 10 min) under resting conditions (B, left panel) and after

stimulation with histamine (B, right panel). (C and D) Subpopulations of mitochondria from one cell are shown that exhibited either low basal Rhod-2 signals (green) or high

basal Rhod-2 staining (red) prior to cell stimulation. The comparison of those two mitochondrial subpopulations revealed distinct differences in their capability to respond to

IP3-dependent Ca2+ mobilization (C). Corresponding regions of interest are marked with green and red numbers. Timestamps are given in the right bottom corner in min:sec

(D).
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pronounced increase of the mitochondrial H+ concentration

(Fig. 5D, lower panel). Removal of FCCP was without any effect

on [Ca2+]mito (Fig. 5D, upper panel), but led to a slow recovery of

mitochondrial H+ levels (Fig. 5D, lower panel). In line with these

findings, pretreatment of cells with FCCP strongly inhibited mito-

chondrial Ca2+ signals in intact cells (Fig. 5E).

Cameleons are ingenious Ca2+ sensors that consist of two differ-

ent fluorescent proteins, mostly the cyan fluorescent protein (CFP)

and the yellow fluorescent protein (YFP), which have overlapping

spectral properties (Miyawaki et al., 1997). Ca2+ levels in living

cells expressing cameleons can be visualized as Ca2+ binding to

cameleons rapidly changes the conformation of the sensor increas-

ing Förster resonance energy transfer (FRET) from CFP to YFP

(Fig. 6A). Cameleons are thus ratiometric Ca2+ sensors as the Ca2+

induced increase in FRET is naturally associated with a parallel de-

crease of the CFP fluorescence. Since the introduction of the first

cameleon in 1997, several improved derivates of this Ca2+ sensor

with proper Ca2+ sensitivities, higher FRET-efficiencies and in-

creased pH stabilities have been developed (McCombs and Palmer,

2008; Miyawaki et al., 1999). However, probably due to the rela-

Fig. 5. Close to perfect: mitochondria-targeted ratiometric pericam (RPmt) for monitoring mitochondrial Ca2+ uptake. (A) Targeting of RPmt to mitochondria after 24 h of

transient transfection in endothelial cells revealed an almost perfect mitochondrial staining. (B) Model with systematic structure of ratiometric pericam. (C) Impact of FCCP

on the mitochondrial Ca2+ and H+ concentration in intact endothelial cells visualized using RPmt at either 430 (F430) or 480 (F480) nm excitation and 535 nm emission,

respectively. For normalization the respective F0 curves (F430 and F480) were extrapolated from existing basal values using GraphPad� Prism 5. (D) Normalized inverted

changes in the fluorescence of RPmt at the Ca2+- and H+-sensitive wavelength of the sensor in response to application of 100 lM histamine and 2 lM FCCP. (E) Effect of a

preincubation with the mitochondrial uncoupler and protonophore FCCP (2 lM) on basal mitochondrial Ca2+ (upper graph) and H+ (lower graph) visualized with RPmt. As

indicated 2 mM Ca2+, 100 lM histamine and 15 lM BHQ were added to maximally stimulate mitochondrial Ca2+ challenge under these conditions.
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tive bulkiness of cameleons, these Ca2+ sensors exhibited low tar-

geting specificity. This characteristic could be significantly im-

proved by the introduction of a tandemly duplicated

mitochondrial targeting sequence of COX VIII (4mtD3cpv) (Filippin

et al., 2005; Palmer et al., 2006). In our experiments, approximately

20% of the endothelial cells expressing 4mtD3cpv exhibited a clear

mitochondrial staining of the Ca2+ sensor without any mistargeting

to the cytosol after 24 h (Fig. 6B, upper panel) and exhibited perfect

mirror-like signaling of the donor and the acceptor fluorescence

upon cell stimulation (Fig. 6C). Notably, cells with partially mistar-

geted 4mtD3cpv had often fragmented organelles (Fig. 6B, middle

panel) while in cells with high levels of mistargeted cameleon in

the cytosol mitochondria appeared highly fragmented (Fig. 6B,

lower panel). Overall, these findings may indicate that the expres-

sion of 4mtD3cpv potentially impact the morphology of mitochon-

dria. Thus, considering the possibility that mitochondrial Ca2+

handling and the morphology of these organelles are interrelated

phenomena, the use of this sensor and the interpretation of respec-

tive signals should be done with caution.

In order to compare the pH sensitivity of 4mtD3cpv with that

of RPmt analogous experiments were performed using FCCP

(Figs. 5E vs. 6D). In cells without (Fig. 6D, continuous line) and

with mistargeted sensor (Fig. 6D, dotted line), addition of FCCP

had only little effects on the fluorescence properties of

4mtD3cpv, pointing to the pH stability of this Ca2+ sensor.

Mitochondrial Ca2+ signals in response to Ca2+ mobilization upon

histamine and BHQ were clearly inhibited by the chemical

uncoupler (Fig. 6D and E). However, in cells with mistargeted

sensor, cytosolic Ca2+ signals could be measured in parallel

(Fig. 6E), confirming the finding that FCCP predominantly im-

pacts the mitochondrial Ca2+ homeostasis in this particular cell

type.

The usability of 4mtD3cpv for studying mitochondrial Ca2+ sig-

nals was further tested by imaging IP3-dependent changes of

[Ca2+]mito in various cell types (Fig. 6F). The amount of cells

expressing 4mtD3cpv successfully targeted to the mitochondria

was approximately 30% in HeLa, 70% in OP-9 cells, 85% in HL-1,

and 65% in INS-1 cells. Stimulation of HeLa cells with the IP3-gen-

erating agonists histamine and ATP in the absence of extracellular

Ca2+ induced a fast and transient increase of [Ca2+]mito in all cells

measured, whereas some cells showed an oscillatory mitochon-

drial Ca2+ signal under these conditions (Fig. 6F, left upper panel).

Ca2+ readdition to prestimulated HeLa cells elevated [Ca2+]mito only

in 2 out of 11 cells (Fig. 6F, left upper panel), despite the fact that

[Ca2+]cyto was always significantly enhanced in this experimental

protocol (data not shown). Both the non excitable mouse stromal

cell line OP-9 (Fig. 6F, right upper panel) and the HL-1 mouse

cardiomyocytes (Fig. 6F, left lower panel) responded to ATP by a

fast increase of [Ca2+]mito, which was of higher amplitude in case

of the OP-9 cells. Notably, some of the mouse cardiomycotes

showed basal oscillations of [Ca2+]mito probably reflecting the

generation of spontaneous action potentials within these excitable

Fig. 6. Close to RTmt but less specific in targeting while essentially ratiometric: mitochondria-targeted cameleon for monitoring mitochondrial Ca2+ uptake. (A) Model with

systematic structure of mitochondria-targeted cameleons. (B) Targeting of the cameleon 4mtD3cpv to mitochondria after 24 h of transient transfection in endothelial cells

revealed few successful targeting to mitochondria (upper panels), cytosolic mistargeting to some degree (middle panel) and high level of mistargeting (lower panels). (C)

Original tracings of basal FRET (F535) and the related CFP (F480) fluorescence in endothelial cells transiently expressing 4mtD3cpv. As indicated, cells were stimulated with

100 lM ATP. For normalization the respective F0 curves (F535 and F480) were extrapolated from existing basal values using GraphPad� Prism 5. (D) Impact of 2 lM FCCP on

basal mitochondrial Ca2+ levels monitored using perfectly targeted (continuous line) and mistargeted (dotted line) 4mtD3cpv. As indicated 2 mM Ca2+, 100 lM histamine and

15 lM BHQ were added to maximally stimulate mitochondrial Ca2+ challenge under these conditions (n = 11–13). (E) Individual fluorescence of 4mtD3cpv that correspond to

the experiments shown in (D). (F) Original tracings of the effect of IP3-dependent changes of [Ca
2+]mito due to histamine, ATP or carbachol (CCh) in several cell types that were

transiently transfected with 4mtD3cpv. Mean represented by bold black line with circles, single responses HeLa n = 11, OP-9 n = 10, HL-1 n = 10, INS-1 n = 8.
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cells (Fig. 6F, left lower panel). Oscillations of [Ca2+]mito with a

smaller amplitude could be also observed in the b-cell line

(INS-1) that showed a fast increase of mitochondrial Ca2+ levels

upon cell stimulation with carbachol (CCh) (Fig. 6F, right lower

panel).

4. Discussion

Mitochondria are able to decode cytosolic Ca2+ signals by

sequestering these ions and the subsequent activation of Ca2+-

dependent processes that, in turn, are crucial for the cell respon-

siveness and functions (Duchen and Szabadkai, 2010; Graier

et al., 2007). Accordingly, mitochondrial Ca2+ uptake is considered

as an important cellular process that is relevant for both physiolog-

ical and pathological cell signaling (Duchen et al., 2008).

Events of mitochondrial Ca2+ uptake can be studied on isolated

organelles with high temporal resolution using the patch camp

technique. In addition fluorescent Ca2+ sensors that either indi-

rectly indicate the decline of extra-mitochondrial Ca2+ upon mito-

chondrial Ca2+ sequestration or directly measure mitochondrial

Ca2+ signals of the matrix of isolated mitochondria, mitochondria

in permeabilized or intact cells are frequently used to study mito-

chondrial Ca2+ signaling. Each method represents a distinct possi-

bility of studying mitochondrial Ca2+ uptake whereupon the most

appropriate application of one protocol is down to the actual ques-

tion to be investigated. Our comparison of different experimental

approaches and protocols revealed that depending on the tech-

niques used, different properties of mitochondrial Ca2+ uptake

are unmasked. Notably, caution is necessary in the interpretation

of data elaborated with only one technique as discrepancies within

data obtained with different techniques might be due to the dis-

tinct methodical approaches. Such discrepancies have recently

led to controversies regarding the putative function of uncoupling

proteins 2 and 3 (UCP2/3) as key components of mitochondrial

Ca2+ channels (Brookes et al., 2008; De Marchi et al., 2011; Trenker

et al., 2008).

The choice of the technique used to study mitochondrial Ca2+

uptake appears to be crucial and the decision might base on several

considerations: In general, all approaches using isolated mitochon-

dria offer the opportunity to be accessible for cell-impermeable

substrates, and are adequate for proteomic studies. Moreover, it of-

fers experiments using the patch clamp technique and, thus, the

direct investigation of mitochondrial ion channels. Permeabiliza-

tion methods require lower sample amount, summarize subsets

of mitochondrial populations and do not directly change adjacent

cell structure, preserving possible interactions with other organ-

elles (Saks et al., 1998). Still, permeabilization may impede some

of the intact cells properties and limits possibilities to studying sig-

nal transduction mechanisms due to a loss of cytoplasm. Finally,

the undisturbed systemic view on the level of intact cells appears

to be the most attractive, if one intends to investigate the complex-

ity of mitochondrial functions in their natural environment and

their participation in cellular signal transduction.

4.1. Patching mitoplasts

In this study we show evidence for the existence of two currents

of different amplitudes that occurred alternately in a stochastic

manner, thus, possibly pointing to different mitochondrial Ca2+

channels in mitoplasts prepared from HeLa and endothelial cells.

Fig. 6 (continued)
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To our knowledge this is the first time that mitochondrial Ca2+

channels have been characterized using the patch clamp technique

in this particular cell lines that are frequently used to investigate

mitochondrial signaling. Our finding of different mitochondrial

Ca2+ channels in HeLa and endothelial cells is in line with a recent

report that showed distinct mitochondrial Ca2+ channels of mitop-

lasts from human cardiac myocytes (Michels et al., 2009). How-

ever, because in the mitoplast-attached configuration used (i.e.

high K+ in the medium) the actual potential of the mitoplast may

not entirely be constant, changes of single channel amplitudes

may reflect spontaneous alterations of the membrane potential

of mitoplasts. Indeed such fluctuations in the membrane potential

of the mitoplast might be responsible for the small shifts of the dis-

tinct current amplitudes in experiments with a presumably con-

stant holding potential. The different conductances of currents

found in our experiments may not necessarily prove the existence

of multiple individual channels but different modes of one single

channel for mitochondrial Ca2+ uptake (Spat et al., 2008; Szanda

et al., 2008, 2010). Nevertheless, as individual currents also occur

superimposed with rather distinct biophysical characteristics, the

distinct ranges of current amplitudes/conductances obtained in

mitoplasts of HeLa and endothelial cells, most likely reflect the

co-existence of at least two separate inward Ca2+ currents. Evi-

dently, these findings support the assumption of the co-existence

of multiple and maybe cell type- and species specific mitochon-

drial Ca2+ channels (Michels et al., 2009). Interestingly, with its

conductance of 13–14 pS, i-MCC that was found to exist in mitop-

lasts from endothelial and HeLa cells, is strikingly similar to the

mCa1 found in non-failing cardiac myocytes (Michels et al.,

2009), though the gating parameters were slightly different within

the two studies. Moreover, the conductance (7 pS) and gating char-

acteristics of endothelial s-MCC, described herein, meets that of the

mCa2 in non-failing heart (Michels et al., 2009). In view of the close

developmental association of endothelial cells with cardiac myo-

cytes, their similarities in regard of the two mitochondrial Ca2+ in-

ward currents might not be surprising and may further point to

tissue specificity of the mitochondrial Ca2+ uptake machinery.

4.2. Different modes of mitochondrial Ca2+ uptake in permeabilized

cells

Major differences in Ca2+ sensitivity of mitochondrial Ca2+ up-

take were observed between indirect assessments and direct

recordings of mitochondrial Ca2+ signals using permeabilized cells.

Notably, while in experiments with permeabilized cells expressing

RPmt a mitochondrial Ca2+ uptake at Ca2+ concentrations below

200 nM was measured, this highly Ca2+ sensitive uptake path-

way/mode could not be observed when mitochondrial Ca2+ seques-

tration was indirectly measured in suspended permeabilized cells

using a Ca2+ dye in the bath (i.e. ‘‘Calcium-Green� 5 N technique’’).

The actual reason for this difference is not known. However, it has

to be considered that the signals obtained, when measuring mito-

chondrial Ca2+ uptake of a population of permeabilized cells indi-

rectly (i.e. ‘‘Calcium-Green� 5 N technique’’), might reflect the

summary of multiple complex Ca2+ shuttling events involving the

opening of the mitochondrial permeability transition pore as well.

This assumption is supported by a recent report demonstrating

maximal Ca2+ uptake of suspended mitochondria to depend on

the mode of Ca2+ addition (Chalmers and Nicholls, 2003).

4.3. Mitochondrial Ca2+ signals of intact cells

Using FP-based Ca2+ sensors targeted to the mitochondria repre-

sents themost elegantway to studymitochondrial Ca2+ uptake in in-

tact cells (Demaurex, 2005). Very recently, we used this method to

assess different modes of mitochondrial Ca2+ uptake in endothelial

cells (Waldeck-Weiermair et al., 2011). Thereby, the specific contri-

butionof different proteins, thatwere shown to play important roles

inmitochondrial Ca2+ uptake,was investigated. In regard to the con-

tribution of uncoupling protein 2 and 3 (UCP2/3) experiments using

siRNA mediated knock-down (Trenker et al., 2007; Waldeck-

Weiermair et al., 2010a), expression of mutated proteins (Wal-

deck-Weiermair et al., 2010b), and overexpression of UCP 2/3 (Tren-

ker et al., 2007; Waldeck-Weiermair et al., 2010a) revealed that

these proteins fundamentally contribute to mitochondrial uptake

of high and lowCa2+ signals in intact cells. Notably, under physiolog-

ical low expression levels of UCP 2/3, these proteins exclusively con-

tributed to mitochondrial Ca2+ uptake at sites of ER Ca2+ release

(Waldeck-Weiermair et al., 2010a,b). In contrast, the leucine zipper

EF hand-containing transmembrane protein 1 (Letm1), that was re-

cently identified as a mitochondrial Ca2+/H+ antiporter (Jiang et al.,

2009), entirely accomplished the transfer of entering Ca2+ intomito-

chondria in a UCP 2/3-independent, high Ca2+-sensitive manner

(Waldeck-Weiermair et al., 2011). Moreover, we used this method

to directly assess the impact of mitochondrial calcium uptake 1

(MICU1), a protein that triggers mitochondrial Ca2+ uptake in HeLa

cells (Perocchi et al., 2010), onmitochondrial Ca2+ signaling in intact

endothelial cells. Hence, because siRNA-mediated knock-down

(verified on mRNA level) of MICU1 failed to impact mitochondrial

Ca2+ uptake in the endothelial cell the involvement of MICU1 in

mitochondrial Ca2+ uptake in this particular cell type can be ex-

cluded (Waldeck-Weiermair et al., 2011). The contribution of the

ryanodine receptor type 1 (Beutner et al., 2005; Ryu et al., 2010,

2011) and the very recently describedmitochondrial Ca2+ uniporter

protein (Baughman et al., 2011; De Stefani et al., 2011) tomitochon-

drial Ca2+ uptake in endothelial cells awaits investigation. In partic-

ular, the question remains, whether or not these proteins contribute

to one given conductance/channel/Ca2+ entry pathway or achieve

distinct Ca2+ entry routes into the mitochondria, like it has been

recently described for UCP2/3 and Letm1 (Waldeck-Weiermair

et al., 2011). Overall, these studies that were mainly based on direct

measurements ofmitochondrial Ca2+ uptake of intact cells using FP-

based Ca2+ sensors (RPmt and 4mtD3cpv), indicate the co-existence

of at least twomolecularly distinctmitochondrial Ca2+ uptake path-

ways in one given cell type. These pathways might be necessary in

order to properly integrate cytosolic Ca2+ signals intomitochondrial

responses.

4.4. Conclusion

Here we demonstrate that different experimental approaches

yield different views of mitochondrial Ca2+ uptake. There is

increasing evidence that several different proteins accomplish

the transfer of Ca2+ across the inner mitochondrial membrane dur-

ing cell stimulation (Hajnoczky and Csordas, 2010; Malli and Gra-

ier, 2010) that may account for either a low Ca2+-sensitive but high

capacity or a high Ca2+-sensitive but low capacity mitochondrial

Ca2+ uptake pathway. Importantly, these different mitochondrial

Ca2+ uptake routes/modes often become evident or remain unde-

tectable depending on the protocols and techniques used. The sce-

nario gains complexity if one considers multiple ways and

mechanisms that may modulate the function of the proteins con-

tributing to mitochondrial Ca2+ signaling in intact cells (Koncz

et al., 2009; Szanda et al., 2010). Accordingly, mitochondrial Ca2+

uptake is still an enigmatic molecular process and to investigate

this versatile and complex phenomenon the utilization of multiple

techniques and methodical approaches appears necessary.
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Cytosolic Ca2� signals are transferred intomitochondria over

a huge concentration range. In our recent work we described

uncoupling proteins 2 and 3 (UCP2/3) to be fundamental for

mitochondrial uptake of high Ca2� domains in mitochondria-

ER junctions. On the other hand, the leucine zipper EF hand-

containing transmembrane protein 1 (Letm1)was identified as a

mitochondrialCa2�/H� antiporter that achievedmitochondrial

Ca2� sequestration at small Ca2� increases. Thus, the contribu-

tions of Letm1 and UCP2/3 to mitochondrial Ca2� uptake were

compared in endothelial cells. Knock-down of Letm1 did not

affect the UCP2/3-dependentmitochondrial uptake of intracel-

lularly released Ca2� but strongly diminished the transfer of

entering Ca2� into mitochondria, subsequently, resulting in a

reduction of store-operatedCa2� entry (SOCE). Knock-down of

Letm1 and UCP2/3 did neither impact on cellular ATP levels

nor themembranepotential. The enhancedmitochondrialCa2�

signals in cells overexpressing UCP2/3 rescued SOCE upon

Letm1 knock-down. In digitonin-permeabilized cells, Letm1

exclusively contributed to mitochondrial Ca2� uptake at low

Ca2� conditions. Neither the Letm1- nor the UCP2/3-depen-

dent mitochondrial Ca2� uptake was affected by a knock-down

of mRNA levels of mitochondrial calcium uptake 1 (MICU1), a

protein that triggers mitochondrial Ca2� uptake in HeLa cells.

Our data indicate that Letm1 and UCP2/3 independently con-

tribute to two distinct, mitochondrial Ca2� uptake pathways in

intact endothelial cells.

With the introduction of sophisticated techniques that
allowed direct measurements of mitochondrial Ca2� signals in

intact cells (1–6), the strong functional and even physical inter-
action ofmitochondria with their cellular environment became
evident (7–9). This interaction appeared to be crucial for the
organelle’s capability to decode and integrate cellular Ca2� sig-
nals, which is an essential feature of cell signaling. Notably,
convergences between mitochondria and other membrane
structures allow the generation of high Ca2� domains at sites of
mitochondrial Ca2� uptake (10, 11). It is believed that during
physiological cell stimulation such high Ca2� domains enable
mitochondria to locally sequesterCa2� via a lowCa2�-sensitive
mitochondrial Ca2� uniporter (MCU) that was characterized
as a highly selectiveCa2� ion channel (12). Notably, besides this
low Ca2�-sensitive MCU, modes of high sensitive mitochon-
drial Ca2� uptake that operate at submicromolar Ca2� ranges
have been convincingly reported (13, 14). However it is not
clear whether or not mitochondrial Ca2� uptake is accom-
plished by a unique ubiquitous pathway that works at modes of
different Ca2� sensitivities. Alternatively, mitochondria might
be equipped with different Ca2� uptake machineries that
achieve Ca2� sequestration at different Ca2� concentrations.
Although the exact identity of the proteins that actually achieve
Ca2� transport into the mitochondrial matrix is still unclear,
several recent findings confirm the latter assumption: 1) two
differentmitochondrial Ca2� influx currents (15) and pathways
(16) could be recently identified in one given cell, 2) uncoupling
proteins 2 and 3 (UCP2/3)2 were described to be involved in
mitochondrial Ca2�uptake in intact cells (17), 3) with themito-
chondrial calciumuptake 1 (MICU1) protein a novelmodulator
of mitochondrial Ca2� uptake was recently described in HeLa
cells (18), and 4) the leucine zipper EF hand-containing trans-
membrane protein 1 (Letm1) was identified as a mitochondrial
Ca2�/H� exchanger that achieves a slow but highly sensitive
mitochondrial Ca2� loading (19). Moreover, evidence was pro-
vided that mitochondrial Ca2� uptake depends on the mode
and source of Ca2� mobilization (14, 20, 21).
Based on recent data that indicate that UCP2/3-dependent

mitochondrial Ca2� uptake is involved in the rather low Ca2�-
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sensitive mitochondrial uptake of intracellularly released Ca2�

but not that of entering Ca2� (16, 22), and the findings that
Letm1 operates as a highly sensitive Ca2� uptake mechanism
(19), this study was designed to investigate the particular con-
tribution of Letm1 and UCP2/3 to mitochondrial Ca2� uptake
from the twomajor Ca2� sources (i.e. intracellular Ca2� release
as well as store-operated Ca2� entry, SOCE) in endothelial
cells. Finally, we tested the function of MICU1 to complement
an assessment of the individual role of the threemost promising
putative contributors to mitochondrial Ca2� uptake in endo-
thelial cells.

EXPERIMENTAL PROCEDURES

Materials—Dulbecco’s modified Eagle’s medium (DMEM),
2,5-di-tert-butylhydrochinone (BHQ), histamine, 2-deoxy-D-
glucose, oligomycin, choline chloride, and digitonin were pur-
chased at Sigma-Aldrich (Vienna, Austria). Fetal calf serumand
media supplements were obtained from PAA Laboratories
(Pasching, Austria). Fura-2/AM was ordered from Molecular
Probes Europe (Leiden, Netherlands) and Transfast� reagent
from Promega (Mannheim, Germany). All other chemicals
were from Roth (Karlsruhe, Germany).
Cell Culture, Constructs, and Transfection—The human

umbilical vein endothelial cell line, EA.hy926 passage at �45
stably expressing ratiometric pericam-mito (RP-mt) was used
for this study. Cells were cultured in DMEM containing 10%
FCS, 1% HAT (5 mM hypoxanthin, 20 �M aminopterin, 0.8 mM

thymidine), 50 units/ml penicillin, 50 �g/ml streptomycin, and
kept at 37 °C in 5% CO2 atmosphere. 2–4 days before experi-
ments cells were plated on 30mmglass cover slips. After reach-
ing �80% of confluence, cells were co-transfected with differ-
ent plasmids and siRNAs using Transfast� according to the
protocol supplied by the manufacturer.
Buffers and Solutions—Cells were loaded with Fura-2/AM

and rested prior to experiments in a Hepes-buffered solution
containing (in mM): 135 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10
Hepes acid, 2.6 NaHCO3, 0.44 KH2PO4, 0.34 Na2HPO4, 10
D-glucose, 0.1% vitamins, 0.2% essential amino acids, and 1%
penicillin/streptomycin; pH was adjusted to 7.4 with NaOH.
For experiments in intact cells theCa2�-containing experimen-
tal buffer (EB) was composed of (in mM): 138 NaCl, 5 KCl, 2
Ca2Cl, 1 MgCl2, 10 D-glucose, and 10 Hepes acid; pH was
adjusted to 7.4 with NaOH. For experiments in Ca2�-free solu-
tion, EB containing 1 mM EGTA instead of Ca2� was used. For
experiments in partially permeabilized cells, cells were perfused
with 3�Mdigitonin for 3min in a highKCl buffer containing (in
mM): 110KCl, 0.5KH2PO4, 1MgCl2, 20Hepes acid, 0.03 EGTA,
5 succinate, 10 D-glucose; pH was adjusted to 7.4 with KOH.
Mitochondrial Ca2� uptake was triggered by the actual intra-
cellular Ca2� concentration ([Ca2�]a set to 174 � 18 nM (n �

17) (referred as “low Ca2�”) or to 921 � 119 nM (n � 17)
(referred as “high Ca2�”): [Ca2�]a was calculated from Fura-2
signals using the following equation as recently described (22):
[Ca2�]a � 350 nM* (FCa � Fmin)/(Fmax

� FCa). To verify the role
of the plasma membrane Ca2� ATPase (PMCA), cells were
stimulated with 100 �M histamine and 15 �M BHQ in a low
sodiumbuffer (LSB) composed of (inmM): 19NaCl, 119 choline
chloride, 5 KCl, 2 CaCl2 or 1 EGTA, 1MgCl2, 10 D-glucose, and

10 Hepes acid; pH was adjusted to 7.4 with KOH. For experi-
ments using the perforated patch clamp technique the standard
external solution contained (in mM): 145 NaCl, 5 KCl, 1.2
MgCl2, 10 HEPES, 10 D-glucose, 2.4 CaCl2. In Ca2�-free solu-
tions, MgCl2 was increased to 2.2 mM and 1 mM EGTA was
added. Patch pipettes were filled with a solution containing
(mM): 100 KAsp, 40 KCl, 10 HEPES, 2 MgCl2, 0.2 EGTA.
Isolation of Total RNA and cDNA Synthesis—Total RNA

from EA.hy926 cells was isolated with the peqGold Total RNA
kit (Peqlab, Erlangen). 2–3 �g of RNA were subsequently
reverse transcribed to cDNA using the High Capacity cDNA
Reverse Transcription kit (Applied Biosystems, Lincoln, CA).
Gene Verification—Detection of human Letm1 (Letm1,

GenBankTM accession no. NM_12318.2) and human MICU1
(MICU1, GenBankTM accession no. NM_006077.2) in
EA.hy926 was performed by RT-PCR. Letm1 was identified
using a forward primer at position 1082 (5�-AGTTCCTCCAG-
GACACCATC-3�) and a reverse primer at position 1612 (5�-
TCTGCAGTGTGGACTTGAGC-3�). For the verification of
MICU1 (GenBankTM accession no. NM_006077.2) the forward
primer at position 418 (5�-CCTGGTGAAGCAGAAGTGTT-
3�) and the reverse primer at position 1151 (5�-CTCAATG-
CAGTGTCCACATC-3�) were used.
RNAi Design—According to already published siRNA sense

sequences for Letm1 (19) and for MICU1 (18), two different
siRNAswere tested in EA.hy926 cells for both genes, Letm1 and
MICU1 versus a non-functional Control siRNA (Control):
AGGUAGUGUAAUCGCCUUGtt; sense sequence for Letm1
siRNA1 (si1-Letm1): UCCACAUUUGAGACUCAGUtt and
siRNA2 (si2-Letm1): AUGUUCCAUUUGGCUGCUGtt; sense
sequence for MICU1 siRNA1 (si1-MICU1): GCAAUGGC-
GAACUGAGCAAUAtt and siRNA2 (si2-MICU1): GCAGCU-
CAAGAAGCACUUCAAtt. Silencing of UCP2/3 was per-
formed using siRNAs as described and validated previously
(16, 17).
Validation of siRNAs—Knock-down efficiency of functional

siRNAs against human Letm1 (Ambion, Cambridgeshire, UK)
or humanMICU1 (Microsynth, Balgach, Switzerland)were val-
idated individually and in combination by real-time quantita-
tive-PCR (RTq-PCR) versus the Control siRNA (Microsynth,
Balgach, Switzerland). 48 h after cell transfection with the
respective siRNAs,mRNAwas isolated and reverse transcribed.
RTq-PCRwas performed using specific primer pairs for human
Letm1 (5�-TGTTCTTCAAGGCCATCTCC-3�, 5�-TGTTGC-
TGTGAAGCTCTTCC-3�), for humanMICU1 (5�-CAGGTT-
CAGAGCATCATTCG-3�, 5�-GAACACAAGCCAGACTT-
GAG-3�), and QuantiTect� Primer Assays (Qiagen, Hilden,
Germany), for human UCP2 (Cat. No.: QT00014140) for
human UCP3 (Cat. No.: QT00017220) and for human GAPDH
(Cat. No.: QT01192646) as housekeeping gene. RTq-PCR was
performedwith a LightCycler� 480 System (Roche, Basel, Swit-
zerland) using the QuantiFast SYBR Green PCR kit (Qiagen).
PlasmidConstructs—Vectors for Letm1overexpressionwere

purchased form GeneCopoeiaTM (Rockville, MD). For mito-
chondrial Ca2� measurements the plasmid encoding the
untagged Letm1 (Letm1; Cat. No.: EX-W0230-M02) was used
for transfection in a ratio 3:1 with a nuclear-targeted GFP (nls-
GFP). Visualization of Letm1was donewith a vector expressing
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mCherry C-terminally fused to Letm1 (Letm1-mCherry; Cat.
No.: EX-W0230-M56). UCP3 overexpression was achieved as
previously shown (16). For ATP measurements the novel
FRET-based ATP indicator AT1.03 for the cytosolic ATP and
its mitochondrial-targeted version mt AT1.03 (23) for mito-
chondrial ATP were used.
Cytosolic Ca2� and Ba2� Measurements—Changes in

[Ca2�]cyto and [Ba2�]cyto were monitored using Fura-2/AM as
previously described (24, 25). Addition of Ba2� to SOCE-acti-
vated cells was performedwith EB using 10mMBaCl2 instead of
2 mM CaCl2.
Mitochondrial Ca2� and pHMeasurements with Ratiometric

Pericam-mito—Cells stably expressing ratiometric-pericam-
mito (RP-mt) (3) were used tomonitor [Ca2�]mito and [H

�]mito

simultaneously. RP-mt was excited at either 430 nm or 485 nm
with a high-speed polychromator systemVisiChrome (Visitron
Systems, Puchheim, Germany). Emitted light was recorded at
535 nm using the 535AF26 emission filter fromOmega Optical
(Brattleboro, VT). [Ca2�]mito was expressed as 1-F430/F0 as pre-
viously shown (17, 26). Changes in pH were expressed as 1 �

F485/F0, where F485 is the fluorescence (485 nm excitation) at a
given time and F0 is themean fluorescence of 30–60 individual
measurements collected at the beginning of recordings (27).
Experiments were performed at room temperature. Rates of
acquisition were between 1.04 and 2.66 s and exposure times
were 600–800 ms.
FRET-based Cytosolic and Mitochondrial ATP Mea-

surements—For ATP measurements cells were transiently
transfected with the FRET-based ATP indicators AT1.03 or mt
AT1.03 to measure changes in cytosolic or mitochondrial ATP
levels, respectively (23). The sensorwas excited at 430 nmusing
a high-speed polychromator system VisiChrome (Vistitron
Systems, Puchheim, Germany) and emission was collected at
535 and 480 nm (Versatile FilterWheel Systems, Vistitron Sys-
tems, Puchheim, Germany).
Patch Clamp Recordings—Membrane potential was re-

cordedusing the perforated patch-clamp technique in a current
clampmode (28–32). Formembrane perforation, nystatin (300
�M) was included into the pipette solution. Membrane poten-
tial was recorded using a List EPC7 amplifier (HEKA, Lam-
brecht/Pfalz, Germany). Borosilicate glass pipettes were pulled
with a Narishige puller (Narishige Co. Ltd, Tokyo, Japan), fire-
polished and had a resistance of 4–6M�. The signals obtained
were low pass filtered at 1 kHz, and digitized with a sample rate
of 10 kHz using a Digidata 1200A A/D converter (Axon Instru-
ments, Foster City, CA). Data collection and analysis were per-
formed using Clampex and Clampfit software of pClamp 9
(Axon Instruments, Molecular Devices, Sunnyvale, CA).
Confocal Microscopy—High resolution imaging of cells

expressing Letm1-mCherry and ratiometric pericam-mito (RP-
mt) was performed using a Nipkow-disk-based array confocal
laser scanning microscope (ACLSM) as described previously
(17, 33). The ACLSM consisted of a Zeiss Axiovert 200 M (Zeiss
100	/1.45 oil objective, Zeiss Microsystems, Jena, Germany),
equipped with VoxCell Scan� (VisiTech, Sunderland, UK), and
an air-cooled argon ion laser system (series 543, CVI Melles
Griot, CA). The laser line 488 nm was used to excite RP-mt,
whereas alternatively wavelength 561 nm was used to excite

Letm1-mCherry. Emitted light was collected at 535 nm
(535AF26; Omega Optical, Brattleboro, VT) for RP-mt or 620
nm (Omega Optical) for Letm1-mCherry using a high resolu-
tion CCD camera (Photometrics CoolSNAPfx-HQ, Roper Sci-
entific, Tucson, AZ). Acquisition and analysis were performed
with Metamorph 6.2r6 (Universal Imaging, Visitron Systems,
Puchheim, Germany).
Statistics—Statistical data are presented as mean � S.E.

Analysis of variance (ANOVA) and Scheffe’s post hoc F test
were used for evaluation of the statistical significance. p 
 0.05
was defined significant.

RESULTS

Letm1 Is Expressed in Endothelial Cells and mRNA Levels of

Letm1 Can Be Efficiently Reduced by a Combination of Two

siRNAs—Using respective primers (see “Experimental Proce-
dures”), the expression of Letm1 was verified in the human
umbilical vein endothelial cell line EA.hy926 (Fig. 1A). Two
siRNA sequences were tested alone and in combination for the
knock-down efficiency in human endothelial cells. The siRNAs
reduced the mRNA level of Letm1 by 33.6 � 4.7 (n � 3) and
69.4 � 7.5 (n � 3) %, respectively. The combination of both
siRNAs achieved the highest knock-down efficiency (85.7 �

1.1%; n� 3), while they had no effect on the expression levels of
UCP2 and UCP3 (Fig. 1B), thus, this combination was subse-
quently used for all experiments.
Knock-down of Letm1 and UCP2/3 Exhibit Different Inhibi-

tory Patterns on Mitochondrial Ca2� Uptake—In our previous
work using the same type of cells, considerable differences in
the contribution of UCP2/3 to mitochondrial Ca2� sequestra-
tion were described that basically depend on the source of the
Ca2� supply (i.e. intracellular Ca2� release from the ER or

FIGURE 1. Detection and siRNA validation of human Letm1 on the mRNA
level of Ea.hy926 cells. Panel A, RT-PCR using specific primers for Letm1
mRNA (see “Experimental Procedures”) yielded a clear 530 bp product ampli-
fication. Panel B, points of applications of 2 different siRNAs (see “Experimen-
tal Procedures”) against Letm1 are illustrated within the open reading frame
of the mRNA of Letm1. Efficiency of siRNA-mediated Letm1 knock-down was
verified by real time quantitative-PCR after transfection of siRNA1 (si1-Letm1,
n � 3) or siRNA2 (si2-Letm2, n � 3) against Letm1 individually or both in
combination (si1/si2-Letm1, n � 3) versus Control siRNA (Control, n � 3). Data
are expressed in % of the maximal response in Control. *, p � 0.013; **, p �

0.0019; ***, p 
 0.0001 versus Control. mRNA expression levels of either UCP2
or UCP3 were not influenced by the knock-down of Letm1 using the sample
that was treated with both siRNAs against Letm1.
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entering Ca2�) (16, 22). Therefore, the impact of a knock-down
of Letm1 on mitochondrial uptake of intracellularly released
Ca2� and Ca2� that is entering the cell via the store-operated
Ca2� entry (SOCE) was tested. For comparison, the same type
of protocol was performed with cells treated with siRNAs
against UCP2/3. Intriguingly, mitochondrial Ca2� signals of
cells reduced of either Letm1 or UCP2/3 were very different. In
cells that were transiently transfected with siRNA against
Letm1, no inhibitory effect on mitochondrial Ca2� sequestra-
tion in response to intracellular Ca2� release was found (Fig.

2A). The decay of themitochondrial Ca2� signal in cells treated
with siRNA against Letm1 appeared to be slightly but not sig-
nificantly slower, indicating that knock-down of Letm1 to some
extent affects the mitochondrial Ca2� extrusion process. This
observation possibly points to the proposed function of mito-
chondrial Ca2�/H� antiport of Letm1, which might secondly
contributes to the organelle’s Na� homeostasis. In contrast
knock-down of Letm1 strongly reduced mitochondrial uptake
of entering Ca2� by �80% (Fig. 2B). Notably, this inhibitory
pattern of knock-down of Letm1 was opposite to that of

FIGURE 2. Knock-down of UCP2/3 exclusively reduced the mitochondrial Ca2� uptake from intracellularly released Ca2� whereas Letm1 knock-down
strongly diminished mitochondrial Ca2� accumulation only upon SOCE. Endothelial cells that stably express RP-mt cells were transiently co-transfected
with nuclear GFP and either Control siRNA (Control: n � 6, 14 cells), or siRNA against Letm1 (siLetm1: n � 6, 12 cells), or siRNA against UCP2 and UCP3 (siUCP2/3:
n � 6, 17 cells). Mitochondrial Ca2� was measured with RP-mt. Panel A, knock-down of UCP2/3 but not that of Letm1 diminished mitochondrial Ca2�

sequestration in response to intracellular Ca2� release. *, p 
 0.05 versus Control. Panel B, knock-down of Letm1 but not that of UCP2/3 blunted mitochondrial
uptake of entering Ca2�. *, p 
 0.05 versus Control.

FIGURE 3. Knock-down of Letm1 did not affect basal cytosolic and mitochondrial ATP levels or the cell’s energetic activity. Endothelial cells were
transiently co-transfected with either the cytosolic ATP sensor AT1.03 or with the mitochondrial targeted mt AT1.03 together with the respective siRNAs,
control siRNA (Control), siRNA against Letm1 (siLetm1) or siRNA against UCP2/3 (siUCP2/3). Panel A, basal cytosolic and mitochondrial ATP levels were neither
affected by the knock-down of Letm1 nor by the knock-down of UCP2/3. Left columns represent the average ratio (F535/F480) of cytosolic ATP levels ([ATP]cyto)
at resting conditions for control cells (Control; n � 20, 28 cells) and cells transfected with either siRNA against Lemt1 (siLetm1; n � 14, 15 cells) or UCP2/3
(siUCP2/3; n � 9, 14 cells). Right columns show mitochondrial ATP levels ([ATP]mito) for control cells (n � 29, 32 cells), for siLetm1 (n � 15, 15 cells) or siUCP2/3
(n � 11, 17 cells). *,#,�, p 
 0.05 between respective cytosolic and mitochondrial [ATP]. Panel B, knock-down of Letm1 or UCP2/3 did not influence the cell’s
energetic activity that was initialized as shown in supplemental Fig. S1. Changes in ATP levels were calculated and expressed as �max of Ratio (F535/F480)/R0

values representing �[ATP]cyto (left columns) for control (n � 13, 13 cells), siLetm1 (n � 6, 11 cells) or siUCP2/3 (n � 4, 7 cells) and of �[ATP]mito (right columns)
for control (n � 11, 11 cells), siLetm1 (n � 5, 6 cells), or siUCP2/3 (n � 5, 6 cells) upon cell treatment with 10 mM 2-deoxy-D-glucose and 2 �M ologomycin.
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UCP2/3, which reduced mitochondrial Ca2� uptake of intra-
cellularly released but not entering Ca2� (Fig. 2, A and B).
Both, Letm1 and UCP2/3-dependent Mitochondrial Ca2�

Signals Are Accompanied by an Acidification of the Mitochon-

drial Matrix—Our data so far indicate that Ca2� released
from the ER rapidly enters mitochondria mainly via a UCP2/
3-dependent but Letm1-independent Ca2� uniport. In con-
trast slow mitochondrial sequestration of entering Ca2�

appears to be primarily accomplished by Letm1, which was
supposed to function as a Ca2�/H� antiporter (19). Conse-
quently differences of the mitochondrial proton concentra-
tion ([H�]mito) in response to intracellular Ca2� release and
Ca2� entry were evaluated by using mitochondrial-targeted
pericam that offers the possibility to measure changes of

[Ca2�]mito and [H�]mito simultaneously (19, 26, 27). Mito-
chondrial Ca2� elevation induced by either ER Ca2� release
or Ca2� entry was always accompanied by increase of
[H�]mito (supplemental Fig. S2). These findings are in line
with a recent report demonstrating decreases in mitochon-
drial pH that were triggered by cytosolic Ca2� elevations
(34). Notably, during Ca2� entry mitochondrial acidification
strictly correlated temporally with the raise of [Ca2�]mito,
while the increase of [H�]mito upon ER Ca2� release
occurred delayed from the mitochondrial Ca2� signal (sup-
plemental Fig. S2). Knock-down of Letm1 did not affect
changes in [Ca2�]mito and [H�]mito that were induced by ER
Ca2� mobilization. However, in line with the data described
above, cells treated with siRNA against Letm1 showed

FIGURE 4. The combined knock-down of Letm1 and UCP2/3 did not further reduce mitochondrial Ca2� uptake. Stable expressing RP-mt cells were
transiently co-transfected with nuclear GFP and either Control siRNA (Control: n � 6, 14 cells) or siRNA against Letm1 (siLetm1: n � 6, 12 cells) or siRNA against
UCP2 and UCP3 (siUCP2/3: n � 6, 17 cells) or both, siRNA against Letm1 and siRNA against UCP2 and UCP3 (siUCP2/3 siLetm1: n � 6, 17 cells). Panel A, double
knock-down of Letm1 and UCP2/3 did not further reduce mitochondrial Ca2� sequestration in response to intracellular Ca2� release compared with that
achieved by siRNA against UCP2/3 alone. *,#, p 
 0.05 versus Control. Panel B, double knock-down of Letm1 and UCP2/3 exhibit not more inhibitory effect than
the siRNA against Letm1 alone. Curves for Control and siUCP2/3 are re-plotted from Fig. 2. *,#, p 
 0.05 versus Control.

FIGURE 5. The effect of an overexpression of UCP3 on mitochondrial Ca2� sequestration was not affected by the knock-down of Letm1. Stable
expressing RP-mt cells were transiently co-transfected with nuclear GFP and either Control siRNA (Control: n � 6, 16 cells), or siRNA against Letm1 (siLetm1: n �

6, 17 cells). Overexpression of UCP3 was accomplished by co-transfecting the nuclear GFP with a plasmid coding for UCP3 in a ratio 1:3 and either Control siRNA
(UCP3: n � 6, 15 cells), or siRNA against Letm1 (UCP3 siLetm1: n � 6, 17 cells). Mitochondrial Ca2� was measured with RP-mt. Panel A, knock-down of Letm1 did
not influence increased mitochondrial Ca2� uptake from intracellular released Ca2� upon UCP3 overexpression. Panel B, overexpression of UCP3 induced a
strong mitochondrial Ca2� entry via SOCE that was not affected by the knock-down of Letm1. Data are expressed as 1 � F430/F0 values. *, #, 

, p 
 0.05 versus
Control.
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reduced changes in [Ca2�]mito and [H�]mito during SOCE
(supplemental Fig. S2).
The Knock-down of the Mitochondrial Ca2� Transporter Does

Not Affect Cytosolic and Mitochondrial Basal ATP Levels—
To asses cellular ATP levels, cytosolic, and mitochondrial ATP
levels were recorded using FRET-based ATP sensors that are
referred to as AT1.03 and mtAT1.03, respectively (23) (supple-
mental Fig. S1). Basal mitochondrial ATP levels were found to
be significantly lower than the cytosolic ATP content in
EA.hy926 cells (Fig. 3A), which is in line with a recent report
introducing AT1.03 and mtAt1.03 investigating ATP levels of
HeLa cells (23). Neither the knock-down of Letm1 nor that of
UCP2/3 affected basal cytosolic or mitochondrial ATP levels

(Fig. 3A). Similarly, the energetic activity of the cells that was
indicated by the drop of cytosolic andmitochondrial ATP levels
in response to 2-deoxy-D-glucose and oligomycin was not
affected by knock-down of Letm1 or UCP2/3 (Fig. 3B).
Letm1 and UCP2/3 Independently Contribute to Different

Mitochondrial Ca2� Uptake Pathways in Endothelial—To test
whether or not Letm1 contributes to the same mitochondrial
Ca2� uptake machinery than UCP2/3, the expression of these
proteins was simultaneously reduced by transient transfection
of a mixture of all respective siRNAs. The knock-down of
Letm1 did not further reduce mitochondrial Ca2� sequestra-
tion of intracellularly released Ca2� in cells with a knock-down
of UCP2/3 (Fig. 4A). In line with these findings, knock-down of

FIGURE 6. Knock-down of Letm1 reduced the SOCE-induced cytosolic Ca2� elevation that was rescued by the overexpression of UCP3, while Letm1
knock-down did not affect basal membrane potential. Panel A, cells were transiently co-transfected with nuclear GFP and either Control siRNA (Control: n �

14, 64 cells) or siRNA against Letm1 (siLetm1: n � 14, 66 cells), or together with a plasmid coding for UCP3 in a ratio 1:3 and either Control siRNA (UCP3: n � 14,
66 cells) or siRNA against Letm1 (UCP3 siLetm1: n � 6, 17 cells). Cytosolic Ca2� was subsequently measured after loading cells with Fura-2/AM. *, p 
 0.05 versus
Control. Panels B–E, columns and curves representing the average Vm of perforated patch-clamp recordings. Panel B, membrane potential at rest was recorded
in controls (n � 22) and siLetm1 (n � 16). Panel C, peak hyperpolarization was measured after stimulation with 100 �M histamine and 15 �M BHQ in controls (n �

6) or siLetm1 (n � 7). Panel D, membrane potential was monitored after readdition of Ca2� in controls (n � 6) or siLetm1 (n � 6). Panel E, slope was calculated
from Ca2�-induced peak hyperpolarization to 1 min thereafter in controls (n � 6) or siLetm1 (n � 6). *, p 
 0.05 versus control. Panel F, cytosolic Ba2� entry was
measured in Fura-2/AM-loaded cells after the induction of maximal intracellular Ca2� mobilization with 100 �M histamine and 15 �M BHQ in nominal Ca2�-free
solution. Columns represent the average �max ratio (F340/F380) in controls (n � 14) or siLetm1 (n � 14) that was induced by addition of 2 mM Ca2� to
histamine/BHQ prestimulated cells. Data were analyzed from curves presented in panel A, right columns represent �max ratio (F340/F380) induced by the addition
of 10 mM Ba2� to ER Ca2�-depleted cells under control conditions (Control; n � 11) or in cells ablated from Letm1 (siLetm1; n � 11).
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UCP2/3 failed to further attenuate mitochondrial Ca2� uptake
of entering Ca2� in cells lacking Letm1 (Fig. 4B).

To test whether or not UCP3 is able to compensate the dim-
inution of Letm1, UCP3was overexpressed in cells treated with
siRNAs against Letm1. Notably, the expected augmentation of
mitochondrial uptake of intracellularly released Ca2� in UCP3
overexpressing cells was very robust and was not affected by
Letm1 knock-down (Fig. 5A). As previously shown an overex-
pression of UCP3 almost doubled mitochondrial Ca2� uptake
of Ca2� that enters the cells via SOCE (Fig. 5B). Notably, this
increase of [Ca2�]mito in cells overexpressing UCP3 remained
unaffected by a knock-down of Letm1 (Fig. 5B).
UCP3 Overexpression Rescues a Diminished SOCE in Cells

Treated with siRNA against Letm1—Mitochondrial Ca2�

uptake was shown to facilitate SOCE (35–39). Thus we exam-
ined the impact of Letm1 knock-down on SOCE-induced cyto-
solic Ca2� signals. Indeed, diminution of Letm1 expression
reduced the cytosolic Ca2� elevation in response to SOCE,
while the transient increase of [Ca2�]cyto elicited by ER Ca2�

mobilization remained unaffected (Fig. 6A). Notably, knock-
down of Letm1 reduced the SOCE induced cytosolic Ca2� sig-
nal by �20%, while the respective mitochondrial Ca2� signal
was reduced by almost 80%. This disparity is in line with a
recent report showing that the impact of mitochondrial Ca2�

handling on SOCE fades with the strength of Ca2� entry in this

particular cell line (40). However, an overexpression ofUCP3 in
cells treatedwith siRNA against Letm1, in which an augmented
mitochondrial Ca2� load in response to SOCE was observed
(Fig. 5B), completely restored SOCE-induced elevation of
[Ca2�]mito (Fig. 6A).
To test whether or not the reduction of SOCE due to Letm1

knock-down was caused by a possible effect on the plasma
membrane potential and/or Ca2�-triggered membrane hyper-
polarization, electrophysiological recordings were performed.
Letm1 knock-down had no effect on either the resting mem-
brane potential (Fig. 6B) or peak hyperpolarization in
response to Ca2� readdition to histamine/BHQ prestimu-
lated cells (Fig. 6, C and D). However, in Letm1 knock-down
cells plasma membrane hyperpolarization upon Ca2� addi-
tion to prestimulated cells was more transient (Fig. 6D) and
repolarization occurred faster (Fig. 6E), thus, indicating that
the knock-down of Letm1 yields attenuation of the mainte-
nance of SOCE probably by the lack of the mitochondrial
Ca2� buffering capacity.

In agreement with this assumption, diminution of Letm1 had
no effect on Ba2�, which serves as Ca2� surrogate for the SOCE
butdoesnot exhibit its inhibitory actionon theSOCchannels (Fig.
6F). These data further indicate that Letm1 knock-down had no
effect on SOCE activation mechanisms but rather reduced its
maintenance by the lack of mitochondrial Ca2� buffering.

FIGURE 7. Overexpression of Letm1 co-localized with mitochondria but did not affect mitochondrial Ca2� uptake from any resources. Plasmids
encoding for Letm1-mCherry or Letm1 were transiently transfected in endothelial cells that stably express RP-mt. Panel A, mitochondria were visualized using
RP-mt (left panel), Letm1 that was N-terminally tagged to mCherry was imaged to test protein targeting (middle panel). The overlay shows Letm1-mCherry
exclusively targeted to the mitochondria (right panel). Panel B, overexpression of Letm1 did not affect mitochondrial sequestration of either intracellularly
released or entering Ca2�. Cells were co-transfected with Letm1 together with a nuclear-targeted GFP in a ratio 3:1 (Letm1: n � 9, 26 cells) or nuclear-targeted
GFP alone (Control: n � 9, 25 cells).
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Letm1 Knock-down Does Not Affect PlasmaMembrane Ca2�

ATPase (PMCA) Activity—Though knock-down of Letm1 did
not affect cellular ATP levels, changes of cellular Ca2� signals
may also occur due to alterations in PMCA activity. Thus,
PMCAactivity was tested according to a protocol of R. S. Lewis’
group that measures the decay of cytosolic Ca2� upon removal
of extracellular Ca2� (41). We performed similar experiments
in the presence of a the SERCA inhibitor BHQ, the IP3-stimu-
lating agonist histamine, and in lowNa� concentration to avoid
ERCa2� refilling and Ca2� extrusion via the plasmamembrane
Na�/Ca2� exchanger, respectively. These experiments re-
vealed no effect of Letm1 knock-down on PMCA activity (sup-
plemental Fig. S3).
In Contrast to UCP2/3, Letm1 Overexpression Fails to

ImproveMitochondrial Ca2�Uptake—Asalready shown in Fig.
4, overexpression of UCP3 yielded strong elevation in mito-
chondrial uptake of Ca2� independently from the source it was
delivered (i.e. intracellular Ca2� release or entering Ca2� via
SOCE). In order to test whether an overexpression of Letm1
exhibits similar effects than that of UCP3, two Letm1 overex-
pression vectors according to that previously published by Jiang
et al. (19) were designed. To verify targeting of Letm1, a
mCherry-fusion construct was used that revealed targeting of
overexpressed Letm1 to the mitochondria (Fig. 7A). Notably,
neither the expression of mCherry fused Letm1 nor that of the
wild-type protein had any obvious effect on mitochondrial
Ca2� accumulation in response to intracellular Ca2� release
and Ca2� influx (Fig. 7B).
Letm1 and UCP3 Differ in Terms of Their Ca2� Sensitivity—

In view of the data described above that point to a distinct
contribution of UCP2/3 and Letm1 to two separate mitochon-
drial Ca2� uptake routes, the Ca2� sensitivity of Letm1- and
UCP2/3-dependent mitochondrial Ca2� uptake was tested in
digitonin-permeabilized cells. Under conditions of low Ca2�

application (i.e. 174 � 18 nM cytosolic free Ca2�; n � 17) (22)
knock-down of Letm1 completely abolished mitochondrial
Ca2� sequestration, while the knock-down of UCP2/3 had no
effect (Fig. 8A). In line with the experiments shown in Fig. 4B,
overexpression of UCP3 boosted mitochondrial Ca2� uptake
even under conditions of Letm1 knock-down and established a
large Ca2� sequestration that did not differ from the signal in
cells expressing Letm1 (Fig. 8A).
Challenging the permeabilized cells with a high Ca2� con-

centration (i.e. 921 � 119 nM cytosolic free Ca2�; n � 17) (22)
revealed mitochondrial Ca2� uptake that was not affected by
Letm1 knock-down but was markedly impaired in cells treated
with siRNA against UCP2/3. Overexpression of UCP3 boosted
mitochondrial uptake of high Ca2� independently from the
expression level of Letm1 (Fig. 8B). These data are in line with
the findings in intact cells (Figs. 2&4) and confirm the idea of
two separate mitochondrial Ca2� uptake pathways: the Letm1-
dependent pathway achieves mitochondrial Ca2� sequestra-
tion of small capacity at relative lowCa2� concentrations, while
the UCP2/3-dependent mitochondrial Ca2� uptake requires
higher cytosolic Ca2� concentrations to establish a high capac-
ity Ca2� uptake route into the organelle.
Despite Its Expression in Endothelial Cells, MICU1 Appears

Not to Be Involved inMitochondrial Ca2� Sequestration in This

FIGURE 8. siRNA-mediated knock-down of Letm1 and UCP2/3 had oppo-
sitional effects on mitochondrial Ca2� uptake in digitonin-permeabi-
lized cells by applying low and high Ca2� concentrations, while UCP2/3
overexpression rescued mitochondrial Ca2� uptake in cells with Letm1
knock-down. Stable expressing RP-mt cells were transiently co-transfected
with nuclear GFP and either Control siRNA (Control), siRNA against Letm1
(siLetm1), siRNA against UCP2/3 (siUCP2/3), or siRNA against UCP2/3 and
Letm1 (siUCP2/3 � Letm1). Overexpression of UCP3 was achieved by co-trans-
fecting the nuclear GFP with a plasmid coding for UCP3 in a ratio 1:3 and
either Control siRNA (UCP3), or siRNA against Letm1 (UCP3 siLetm1). Mito-
chondrial Ca2� was measured with RP-mt. Data are expressed as % of Control
under each individual condition. Panel A, average curves of mitochondrial
Ca2� uptake upon the addition of either low Ca2� concentration or high Ca2�

concentration in mild digitonin-permeabilized cells (Control, black curves;
siLetm1, blue curves; UCP3, light gray curves; UCP3 � siLetm1, red curves;
siUCP2/3 light gray curves; siUCP2/3 � siLetm1, green curves). Panel B, maxi-
mum mitochondrial Ca2� accumulation according to the average curves of
panel A was calculated 3.4 min after the application of low Ca2� concentration
and 1.8 min after applying high Ca2� concentration. Columns represent the
average of mitochondrial Ca2� signals upon the addition of the low Ca2�

concentration (Control, left white column, n � 4, 12 cells; siLetm1, left blue
column, n � 4, 12 cells; UCP3, left dark gray column, n � 4, 12 cells; UCP3 �

siLetm1, left red column, n � 4, 12 cells; siUCP2/3, left light gray column, n � 4,
13 cells; siUCP2/3 � siLetm1, left green column, n � 4, 13 cells), and the high
Ca2� concentration(Control, right white column, n�4,10cells; siLetm1, right blue
column, n � 4, 17 cells; UCP3, right dark gray column, n � 4, 16 cells; UCP3 �

siLetm1, right red column, n � 4, 13 cells; siUCP2/3, right light gray column, n � 8,
22 cells; siUCP2/3 � siLetm1, right green column, n � 8, 30 cells). *, p 
 0.05 versus
the respective Control; #, p 
 0.05 between siLetm1 and UCP3 � siLetm1; §, p 


0.05 between siUCP2/3 and siUCP2/3 � siLetm1; and �, p 
 0.05 between
siLetm1 and siUCP2/3 � Letm1.
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Particular Cell Type—To verify the contribution of MICU1 to
mitochondrial Ca2� sequestration in the endothelial cell line
used, the expression of MICU1 was tested using RT-PCR
(Fig. 9A). Hence the efficiencies of the two recently published
siRNAs against MICU1 (18) were measured (Fig. 9B). Because
these experiments revealed best knock-down efficiency by a
combination of both siRNAs, such approach was used in all
upcoming experiments regardingMICU1 knock-down. In con-
trast to the knock-down of either Letm1 or UCP2/3,
siRNA-mediated diminution of MICU1 mRNA levels had no
effect on mitochondrial sequestration of intracellularly
released as well as entering Ca2� (Fig. 9C). Moreover, the com-
bination of MICU1 knock-down with that of either Letm1 or
UCP3 did not have any effect on mitochondrial Ca2� uptake
compared with that observed in MICU1-containing cells with
the respective knock-down of either Letm1 or UCP2/3
(Fig. 9D).

DISCUSSION

Despite intensive investigations overmore than a decade, the
molecular identity of the mitochondrial Ca2� uniporter could
not be resolved entirely so far. During recent years, siRNA-
based screening approaches have highlighted basically three
proteins that have been found to be essential for or to contrib-
ute to mitochondrial Ca2� uptake in intact cells: UCP2/3 (17),
Letm1 (19), and MICU1 (18). However, in these studies mito-
chondrial Ca2� uptake was tested under certain conditions and
in distinct cell types like endothelial cells, HeLa cells (17, 18),
and Drosophila Schneider 2 cells (19). As in other subsequent
studies using different cell types and/or approaches these
results were challenged, the current consensus suggests that
these proteins might modulate mitochondrial Ca2� uptake
rather than to contribute directly to this phenomenon (42–45).
Importantly, in cardiac myocytes two electrophysiological
distinct Ca2� uptake currents could be verified (15) that dif-
fer in terms of the Ca2� range they are active, their capacity
and sensitivity to ruthenium red. In agreement with this
landmark publication, in our previous work, evidence was
provided for the co-existence of at least two molecularly dis-
tinct mitochondrial Ca2� uptake routes in the endothelial
cell line EA.hy926 (16, 22, 46).
As previously published, the siRNA-mediated knock-down

of UCP2/3 yielded strong reduction of mitochondrial Ca2�

sequestration upon intracellular Ca2� release while no effect

was found on mitochondrial uptake of Ca2� that entered the

endothelial cells via SOCE (16, 22), thus, pointing to an exclu-

sive contribution of this particular transporter to mitochon-

drial Ca2� sequestration at ER-mitochondria junctions in wild

type endothelial cells. In this study, knock-down of Letm1, had

no effect on mitochondrial Ca2� uptake at ER-mitochondria

junctions, but strongly diminished mitochondrial sequestra-

tion of entering Ca2�, thus, indicating that the UCP2/3- and

Letm1-dependent Ca2� signals account for mitochondrial

Ca2� uptake from distinct sources (i.e. ER-derived intracellular

Ca2� release and SOCE). Our findings that the knock-down of

Letm1 had no effect on Ba2� entry, PMCA activity, membrane

potential or basal ATP levels but diminished cytosolic Ca2�

elevation in response to SOCE is in line with previous reports

on the considerable contribution of mitochondrial Ca2�

uptake/buffering for the activity/maintenance of store-oper-

ated Ca2� channels (7, 26, 35–40, 47).

Because the combination of Letm1 andUCP2/3 knock-down

just reflected the additive combination of the effects of the indi-

vidual siRNAs, these particular mitochondrial Ca2� uptake

routes appear to be independent from each other. This assump-

tion was further supported by our findings that under condi-

tions of Letm1 knock-down, the effect of UCP3 overexpression

remained unaffected.Notably, under such conditions, the over-

expression of UCP3 compensated the lack of Letm1 in terms of

mitochondrial sequestration of entering Ca2�. These data are

in agreement with our previous findings showing that overex-

pression of UCP2/3 establishes a respective mitochondrial

Ca2� uptake route also for entering Ca2�, thus, pointing to the

expression level of UCP3 as being the bottleneck for the estab-

lishment of a respective mitochondrial Ca2� uptake.

The particular contribution of Letm1- and UCP2/3-depen-

dentmitochondrial Ca2� uptake routes to either entering Ca2�

or ER-released Ca2� may indicate that these carriers achieve

mitochondrial Ca2� uptake at different Ca2� concentrations.

In this respect, the generation of high Ca2� domains in the

junction between the ER and the mitochondria to provide suf-

ficient high Ca2� levels to allowmitochondrial Ca2� sequestra-

tion via the rather Ca2� insensitive mitochondrial Ca2�

uniporter were frequently emphasized (9, 48, 49) and very

recently convincingly approved (11, 50). Moreover, consider-

able differences in the kinetics and capacity of mitochondrial

uptake of Ca2� from the two major sources (i.e. intracellular

FIGURE 9. siRNA-mediated knock-down of MICU1 efficiently reduced mRNA levels but had no effect on mitochondrial Ca2� sequestration in endo-
thelial cells. Panel A, RT-PCR using specific primers (see “Experimental Procedures”) resulted in a 733 bp product amplification, approving the expression of
MICU1 in the human endothelial cell line used in this study. Panel B, MICU1 silencing using 2 different siRNA (single and combined). Efficiency of
siRNA-mediated MICU1 knock-down was verified by real time quantitative-PCR after transfection of siRNA1 (si1-MICU1, n � 3) or siRNA2 (si2-MICU1, n � 3)
against MICU1 individually or both in combination (si1/si2-MICU1, n � 3) versus Control siRNA (Control, n � 3). Data are expressed in % of Control. ***, p 


0.0001 versus Control. Panel C, mitochondrial Ca2� uptake was not affected by MICU1 knock-down. Stably expressing RP-mt endothelial cells were transiently
co-transfected with a plasmid for expression of nuclear-targeted GFP and either a Control siRNA (Control n � 4, 14 cells) or siRNA against MICU1 (MICU1 n � 4,
14 cells). Panel D, knock-down of MICU1 did not affect mitochondrial Ca2� uptake upon intracellular Ca2� release or SOCE. Mitochondrial Ca2� uptake was
visualized by RP-mt in endothelial cells transiently expressing nuclear-targeted GFP and the respective siRNAs: Control siRNA (Control, plain white column, n �

4, 14 cells), siRNAs against Letm1 (siLetm1, plain blue columns, n � 4, 14 cells); siRNAs against MICU1 (siMICU1, plain dark red columns, n � 4, 14 cells); siRNAs
against UCP2/3 (siUCP2/3, plain light gray columns, n � 4, 12 cells), siRNAs against UCP2/3 and MICU1 (siUCP2/3 � siMICU1, dark red-striped light gray columns,
n � 4, 15 cells) or siRNA against Letm1 and MICU1 (siLetm1 � siMICU1, dark red-striped blue columns, n � 4, 16 cells). Left panel, maximal intracellular Ca2�

mobilization in response to 100 �M histamine and 15 �M BHQ in a nominal Ca2�-free solution. Columns represent the average �max 1�F�F430/F0 of mito-
chondrial Ca2� uptake upon ER Ca2� release. *, p 
 0.05 versus Control and #, p 
 0.05 between siMICU1 and siUCP2/3 � siMICU1. Right panel, columns
represent the average �max 1�F430/F0 of mitochondrial Ca2� uptake after the addition of 2 mM Ca2� to cells prestimulated with histamine and BHQ. *, p 
 0.05
versus Control and #, p 
 0.05 between siMICU1 and siLetm1 � siMICU1.
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Ca2� release and Ca2� entry via SOCE) in endothelial cells
further confirmed these data and emphasized lower Ca2� con-
centrations at the mitochondria surface under conditions of
entering Ca2� than within the ER-mitochondria junction (22).
The present experiments using digitonin-permeabilized cells
are in agreement with these previous assumptions and indicate
that in endothelial mitochondria two Ca2� uptake routes exist
that work either at low or high Ca2� concentrations. Our find-
ings that the siRNA-mediated knock-down of Letm1 abolished
mitochondrial Ca2� uptake at low but not high Ca2� exposure
indicates the Letm1-dependent Ca2� carrier to exclusively
account for mitochondrial Ca2� uptake under low Ca2� condi-
tions. Considering the previous reports that enteringCa2� does
not generate high Ca2� domains at the mitochondria surface
(11, 22) these findings suggest Letm1-dependent mitochon-
drial Ca2� uptake to account for the organelle’s sequestration
of Ca2� that enters the cell via the SOCE. In contrast to Letm1,
UCP2/3 obviously accounts for mitochondrial Ca2� uptake at
high Ca2� concentrations. However, upon overexpression
UCP3 is able to compensate the lack of Letm1 even in regard of
lowCa2� exposure. It seems likely that even a low active UCP2/
3-dependent carrier under low Ca2� load achieves mitochon-
drial Ca2� load simply because of the largely increased amount
of Ca2�-carrying proteins. Notably, while the overexpression of
UCP3 (and UCP2) established an increased mitochondrial
Ca2� uptake, an overexpression of Letm1 was without effect.
Though its localization into the mitochondria was clearly
approved, these findings may result from a non-functional Letm1
upon overexpression. However, as both the wild type Letm1
(transfection was controlled by co-expression of nuclear targeted
GFP) as well as the FP-fusion construct failed to exhibit any effect
on mitochondrial Ca2� signaling, this possibility appears rather
unlikely.Ontheotherhand,Letm1mightessentiallydependon(a)
distinct protein(s) that are the rate-limiting factors for mitochon-
drialCa2�uptatke. Suchmulti-proteincomplex formitochondrial
Ca2� uptakewas also postulated for theUCP2/3-dependentCa2�

uptake route (42, 52).
Considering that both the UCP2/3- and Letm1-dependent

mitochondrial Ca2� carriers might be established by a multi-
protein complex rather than by the individual proteins alone, a
protein that was very recently described to be involved in the
regulation ofmitochondrial Ca2� uptake in intact cells,MICU1
(18, 43, 53), attracts great attention. However, though mRNA
levels fromMICU1 could be found in the endothelial cells type
used in this study, approved siRNA-mediated MICU1 knock-
downdid not affectmitochondrial Ca2� sequestration by either
Letm1- or UCP2/3-dependent pathways. Accordingly, these
data suggest MICU1 to be not involved in Letm1- and UCP2/
3-dependent mitochondrial Ca2� transport in this particular
cell type. Moreover, in intact and in permeabilized cells, a
knock-down of UCP2/3 could not entirely prevent mitochon-
drial Ca2� sequestration to intracellular Ca2� release and high
Ca2� load, respectively. Notably neither knock-down of Letm1
nor that of MICU1 further reduced mitochondrial Ca2�

sequestration under these conditions. Though the remaining
uptake might be due to an insufficient knock-down of UCP2/3
or a modulator role rather than a carrier function of UCP2/3 in
this process (7, 42), the existence of a UCP2/3-, Letm1- and

MICU1-independent Ca2� carrier cannot be excluded. In this
respect, proteins thatmay not serve asCa2� carrier under phys-
iological conditions may allow/facilitate Ca2� influx into the
organelle under such artificial Ca2� stress conditions (e.g.
NCXmito or ANT) (42, 51).

The present findings demonstrate that at least two molecu-
larly distinct mitochondrial Ca2� uptake pathways co-exist in
endothelial cells. The distinct mitochondrial Ca2� uptake
routes appear to be independent from the recently described
modulator protein MICU1 but essentially depend on either
Letm1 orUCP2/3.While further studies are necessary to inves-
tigate the specific role of each individual Ca2� uptake route in
physiology and pathology, this work explains mitochondrial
Ca2� uptake to be not a unitary process but to be established by
distinct molecules, thus providing the opportunity to verify the
particular contribution of each individual mitochondrial Ca2�

transporter to distinct physiological and pathological condi-
tions in various cell types.
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Abstract Previous studies have demonstrated several molec-

ularly distinct players involved in mitochondrial Ca2+ uptake.

In the present study, electrophysiological recordings on mito-

plasts that were isolated from HeLa cells were performed in

order to biophysically and pharmacologically characterize

Ca2+ currents across the inner mitochondrial membrane. In

mitoplast-attached configuration with 105 mM Ca2+ as a

charge carrier, three distinct channel conductances of 11, 23,

and 80 pS were observed. All types of mitochondrial currents

were voltage-dependent and essentially depended on the pres-

ence of Ca2+ in the pipette. The 23 pS channel exhibited burst

kinetics. Though all channels were sensitive to ruthenium red,

their sensitivity was different. The 11 and 23 pS channels

exhibited a lower sensitivity to ruthenium red than the 80 pS

channel. The activities of all channels persisted in the presence

of cylosporin A, CGP 37187, various K+-channel inhibitors,

and Cl− channel blockers disodium 4,4′-diisothiocyanatostil-

bene-2,2′-disulfonate and niflumic acid. Collectively, our data

identified multiple conductances of Ca2+ currents in mito-

plasts isolated from HeLa cells, thus challenging the dogma

of only one unique mitochondrial Ca2+ uniporter.

Keywords Mitochondrial Ca2+ channels . Mitoplast .

Mitochondria . Ca2+ signaling . Patch clamp

Introduction

Mitochondrial functions largely depend on their ability to take

up, accumulate and release Ca2+. Thus, mitochondrial Ca2+

homeostasis is of pivotal importance for the functions of the

organelle as well as the cellular Ca2+ signaling and function

(for review, see [7, 9]). Isolated mitochondria can rapidly take

up a large amounts of Ca2+ in a mitochondrial membrane

potential-dependent manner via the Ca2+ uniporter pathway

[14]. Although the mystery of the nature of the mitochondrial

Ca2+ uniporter has been enlightened by the identification of

the so-called mitochondrial Ca2+ uniporter (MCU) [3, 6] and

its regulator and gatekeeper the mitochondrial calcium uptake

1 (MICU1) [15, 19], our understanding on the properties and

characteristics of mitochondrial Ca2+ uptake is limited. In a

landmark publication, the group of David Clapham described

a Ca2+ entry current in isolated mitoplasts of which the bio-

physical characteristics (e.g., ion selectivity and sensitivity)

fulfill the features expected from the mitochondrial Ca2+ uni-

porter channel [13]. In another study performed on rat heart

mitochondria, four distinct Ca2+ channel conductances that

were established by mitochondrial ryanodine receptor type 1

(RYR1) were identified [21, 22]. Moreover, the leucine zipper

EF hand-containing transmembrane protein 1 (LETM 1) was

also described as a putative Ca2+ carrier in the inner mito-

chondrial membrane [12]. Under certain conditions mitochon-

drial Na+–Ca2+ exchanger (NCXmito) and the novel

uncoupling proteins 2 and 3 (UCP2/3) were shown to accom-

plish the transfer of Ca2+ across the inner mitochondrial mem-

brane [26, 27, 29], thus, emphasizing the existence of multiple

mitochondrial Ca2+ uptake routes. In line with this consider-

ation, more recently, single-channel patch clamp recordings

from cardiac mitochondria revealed two different Ca2+ chan-

nels with distinct gating properties and sensitivity to Ru360

[17], thus questioning the dogma of the existence of one

unique channel that exclusively accounts for mitochondrial

Ca2+ uptake. Notably, distinct Ca2+ channels in the inner

mitochondrial membrane of one given mitochondrion is not

specific for cardiac mitochondria. In our previous work, we

described two and three Ca2+ inward currents in mitoplasts
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form HeLa and endothelial cells, respectively [11]. Accord-

ingly, the dogma of a unique and ubiquitously established

Ca2+ flux through the inner mitochondrial membrane is chal-

lenged and the existence of multiple Ca2+ entry routes/modes

that establish distinct Ca2+ currents in one given mitochondria

has to be considered.

Notably, a biophysical and pharmacological characteriza-

tion of these distinct but coexisting Ca2+ currents through

the inner membrane of mitochondria is missing whilst fun-

damental for future studies that aim to investigate the indi-

vidual contribution of the putative candidate proteins (MCU

[3, 6], RyR1 [22], LETM 1 [12, 28], and UCP2/3 [25, 26])

that actually accomplish mitochondrial Ca2+ uptake. Ac-

cordingly, this study was designed to characterize single-

channel Ca2+ currents in mitoplasts isolated from HeLa cells

and to describe the individual biophysical and pharmaco-

logical properties of distinct mitochondrial Ca2+ channels.

Materials and methods

Cell culture and isolation of mitochondria

HeLa cells were grown on DMEM containing 10 % FCS, 50

U/ml penicillin and 50 μg/ml streptomycin. Mitochondria

were freshly isolated as previously described [11] with some

modifications. Mitochondria were prepared from HeLa cells

by differential centrifugation. Cells were trypsinized, har-

vested, and washed with PBS. All consecutive steps were

carried out at 4 °C according to the protocol described by

Frezza et al. [8]. The cell pellet was suspended in a 200-mM

sucrose buffer containing 10 mM Tris-MOPS, 1 mM EGTA

and protease inhibitor (1:50, P8340 Sigma, Vienna, Austria;

pH adjusted to 7.4 with Tris) and homogenized with a glass–

Teflon potter (40–50 strokes). Nuclear remnants and cell

debris were centrifuged down at 900×g for 10 min. Super-

natant was centrifuged at 3,000×g for 20 min. The mito-

chondrial pellet was washed again with IMBc and

centrifuged down at 7,000×g for 15 min. All fractions were

kept on ice until further utilization.

Preparation of mitoplasts

Mitoplast formation was achieved by incubation of isolated

mitochondria in hypotonic solution (5 mM HEPES, 5 mM

sucrose, and 1 mM EGTA and pH adjusted to 7.4 with

KOH) for 8–10 min. Then hypertonic solution (750 mM

KCl, 80 mM HEPES, and 1 mM EGTA and pH adjusted to

7.4 with KOH of <10 mM) was added to restore isotonicity.

Mitochondrial swelling was monitored as a change of opti-

cal density at 540 nm (Schott instruments UviLine 9400) [4,

10, 20]. Isolated mitoplasts appeared as transparent vesicles

with attached remnants of the outer membrane. Purity of

isolated mitochondria was verified by Western blots labeling

plasma membrane and mitochondrial-localized proteins

(Orai-1 (H-46:sc-68895 Santa Cruz, Szabo, Vienna, Austria

and PSI-1819, Pro-Sci, Szabo, Vienna, Austria) and MCU

(E-16:sc-246072 Santa Cruz), respectively).

Mitoplast patch clamp recordings

All measurements were performed in the mitoplast-attached

configuration at room temperature. Patch pipettes were

Table 1 Composition of pipette solutions (PS) used to detect mitoplast

Ca2+ currents in the mitoplast-attached configuration

Composition of pipette

solution (mM)

Appearance

of i-MCC

Appearance

of xl-MCC

PS1 105 CaCl2 Yes Yes

10 HEPES

0.01 CsA

0.01 CGP 37187

PS2 65 Ca MeS Yes Yes

40 CaCl2

10 HEPES

0.01 CsA

0.01 CGP 37187

PS3 220 sucrose No No

35 NMDG-Cl

10 HEPES

2 EGTA

0.1 DIDS

0.01 CsA

0.01 CGP 37187

The pH of all solutions was adjusted to 7.2 with KOH. In all experi-

ments, bath solution contained (in millimolars): 150 KCl, 1 EGTA, 1

EDTA, 10 HEPES, pH was adjusted to 7.2 with KOH

Fig. 1 Time course of mitochondria swelling in hypotonic solution.

Isolated mitochondria were suspended in hypotonic solution (5 mM

HEPES, 5 mM sucrose, and 1 mM EGTA pH adjusted to 7.4 with

KOH) and volume change due to mitochondrial swelling was moni-

tored as decline in absorbance at 540 nm. Data are expressed as ratio

between the change in absorbance over time divided by the absorbance

at the initial timepoint (mean±SD, n=3)

998 Pflugers Arch - Eur J Physiol (2013) 465:997–1010



pulled from glass capillaries using a Narishige puller (Narish-

ige Co., Ltd., Tokyo, Japan), fire-polished and had a resistance

of 8–12 MΩ. Experimental buffers contained 105 mM CaCl2
and 10 mMHEPES (pipette solution 1 (PS1)), or low chloride

solution with 65 mM Ca-methanesulfonate, 40 mM CaCl2,

and 10 mM HEPES (PS2), both pH adjusted to 7.2 with

Ca(OH)2. Ca
2+-free pipette solution contained (in millimo-

lars): 220 sucrose, 35 N-methyl-D-glucamine chloride, 2

EGTA, and 0.1 disodium 4,4′-diisothiocyanatostilbene-2,2′-

disulfonate (DIDS; PS3) (Table 1). Bath solution contained

150 mM KCl, 1 mM EGTA, 1 mM EDTA, and 10 mM

HEPES, pH was adjusted to 7.2 with KOH. If not otherwise

indicated, all pipette solutions contained 10 μM Cyclosporin

A (Tocris Bioscience, Bristol, UK) and 10 μM 7-chloro-5-(2-

chlorophenyl)-1,5-dihydro-4,1-benzothiazepin-2(3H)-one

(CGP 37187, Ascent Scientific Ltd., Bristol, UK) to prevent

opening of the permeability transition pore (PTP) and the

activity of the mitochondrial Na+/Ca2+ exchanger (NCXmito)

as well as LETM1 [12], respectively. Ruthenium red (RuR; 1–

30 μM; Merck Chemicals Ltd., Darmstadt, Germany) and

DIDS (100 μM) were added as indicated. Currents were

recorded using a patch-clamp amplifier (EPC7, List Elec-

tronics, Darmstadt, Germany). Data collection was per-

formed using Clampex software of pClamp (V9.0, Axon

Instruments). Signals obtained were low pass filtered at

1 kHz using an eight-pole Bessel filter (Frequency Devi-

ces), and digitized with a sample rate of 10 kHz using a

Digidata 1200A A/D converter (Axon Instruments, Foster

Fig. 2 i-MCC are present in

mitoplasts isolated from HeLa

cells. a Exemplary traces of i-

MCC from HeLa mitochondria

at test potential of −100 mV. b

Corresponding amplitude

histogram constructed from

traces shown in (a). c i-MCC

channel activities at different

voltages indicated. d

Corresponding IV curve of the

channel activity shown in (c)

Pflugers Arch - Eur J Physiol (2013) 465:997–1010 999



City, CA). Voltage ramps of 1 s duration from −150 to +

50 mV were delivered every 10 s from the holding poten-

tial 0 mV. Single-channel currents were recorded at a fixed

holding potential indicated in the respective figures.

Results

Control of mitoplast preparation

To adjust optimal time of mitochondria incubation in hypoton-

ic medium during mitoplast preparation, we monitored time-

dependency ofmitochondria swelling. Incubation in hypotonic

solution resulted in a gradual decline of the optical density

within 8–10 min (Fig. 1), which corresponds to mitochondria

swelling and the start of outer membrane rupture and formation

of mitoplast [4, 10, 20]. Mitochondria swelling reached a

plateau phase within 10 to 20 min, which was followed by a

gradual restoration in optical density. Accordingly, for mito-

plast preparation from HeLa cells, isolated mitochondria were

incubated in hypotonic solution for 7–8 min.

The plasma membrane is comprised of various Ca2+ chan-

nels that might interfere in our electrophysiological recordings

with mitoplasts Ca2+ currents. Therefore, in order to assess a

Fig. 3 xl-MCC are present in

mitochondria from HeLa cells.

a Representative tracings of

single-channel events at a test

potential of −100 mV showing

activity of xl-MCC. b

Corresponding amplitude

histogram constructed from

traces shown in (a). c Average

of individual traces shown in

(a). d An exemplary recording

from HeLa mitoplast showing

coexistence of channels with

bursting activity, i-MCC and xl-

MCC in the same patch

1000 Pflugers Arch - Eur J Physiol (2013) 465:997–1010



potentially contamination of the prepared mitoplasts, we test-

ed for putative plasma membrane particles inside the mito-

chondrial fraction using Western Blotting. We tested the

protein content within organelle fractions for Calcium

release-activated calcium channel protein 1 (ORAI-1), as rep-

resentative plasma membrane protein, andMCU as mitochon-

drial control protein. Densitometric analyses revealed a 3-fold

increase ofMCU content in mitochondrial fractions compared

with whole cell lysates. Orai-1 was inconsistently present in

mitochondrial fractions in approximately 20 times lower

amount than in whole cell lysates. Prior electrophysiological

measurements, mitoplasts were allowed to settle down to the

glass bottom of the recording chamber, gently washed with

bath solution, visualized and approached by the patch pipette.

Biophysical characterization of three distinct Ca2+ currents

in mitoplasts

Recordings in the mitoplast-attached configuration with the

use of high Ca2+-containing pipette solution (PS1, Table 1) at

test potentials from −100 to −150 mVin high K+ bath solution

revealed several types of single-channel activities. Based on

the individual channel conductance and kinetics three distinct

Ca2+ currents could be discriminated that were observed fre-

quently in the same patch. The most predominant current was

a 11.7±0.6-pS (n=14) channel that was referred to as inter-

mediate mitochondrial Ca2+ channel (i-MCC) according to

our previous report [11]. In high Ca2+-containing pipette

solution (PS1) i-MCC was found in about 70 % of patches.

Figure 2a shows individual traces of the single-channel activ-

ity of i-MCC in a patch held at −100 mV. The channel did not

inactivate over time during stepwise voltage shifts. Generally,

more than one active channel was present in the patches. The

corresponding amplitude histogram indicates the mean single-

channel amplitude at −100 mV is approximately 1 pA

(Fig. 2b). Representative traces of i-MCC channel at vol-

tages −60 to −140 mV are shown in Fig. 2c. The channel

activity starts noticeable at −60 mV. Shifting the holding

potential towards more negative values gradually increased

the single-channel activity (NPo) and amplitude that showed

no rectification at potentials from −60 to −140 mV (Fig. 2d).

Because of general instability of patches at voltages more

negative than −140 mV in our experiments, we were unable

to routinely investigate the channel behavior at −160 mV.

Under our standard experimental conditions (PS1), in

12 % of experiments a high conductance (60–100 pS)

single-channel activity with a mean conductance of 80.2±

7.8 pS (n=7) was observed that occurred in addition to the

11 pS i-MCC channel. The channel is characterized by a

relatively long-lived open state, during which the channel

exhibited bursting behavior. In line with our previous observa-

tion [11], this channel is referred to as the extra large conduc-

tance mitochondrial Ca2+ channel (xl-MCC). Representative

traces of the channel activity at −100mVand the corresponding

amplitude histogram are shown in Fig. 3a, b. Generally, only

one xl-MCC channel was present in one given patch, thus,

pointing to a far lower density of this channel compared with

i-MCC. During voltage steps, the xl-MCC channel activity

tends to inactivate over time (Fig. 3a) and average of individual

traces from the same patch is shown in Fig. 3c. The xl-MCC

activity was observed either as a sole Ca2+ conductance in the

patch (Fig. 3a) or together with i-MCC (Fig. 3d). The activity of

xl-MCC started noticeable at −50 mV (Fig. 4a). Similar to i-

MCC, single-channel amplitude of xl-MCC channels increased

without rectification with increasing voltage as evidenced from

the current responses to voltage ramps (Fig. 4a). The activity of

xl-MCC channel increased at more negative potentials

(Fig. 4b).

In 35 % of the experiments, single-channel activities of

either i-MCC or xl-MCC were interrupted by a channel with

bursting kinetics and periods of high amplitude and frequen-

cy of open-closed transitions separated by silent intervals

Fig. 4 Voltage dependency of extra-large conductance Ca2+ channel. a

Representative current traces in response to voltage ramps from −150

to +50 mV showing single-channel activity of xl-MCC. The figure

depicts the net current obtained after subtraction of the background

current obtained from the same patch during nonresponsive sweeps

from the xl-MCC current responses. b xl-MCC activity at different

voltages indicated
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(Fig. 5a). Burst activities were observed either simultaneous-

ly with i-MCC or xl-MCC gating or were a sole type of

current activity observed in the particular patch (Fig. 5b).

The corresponding amplitude histogram showed that the

single-channel amplitude of these burst currents (burst mito-

chondrial Ca2+ channel (b-MCC)) at −100 mV was 2.3 pA,

corresponding to a conductance of 22.5±1.7 pS (n=10)

(Fig. 5c). Similar to i-MCC and xl-MCC, single-channel

activity of b-MCC channels increased with increasing volt-

age (Fig. 6a). Single-channel amplitude of b-MCC channels

showed no rectification within voltage range from −60 to

−140 mV (Fig. 6b).

The open probability (Npo) of i-MCC and xl-MCC were

quite similar and exceeded that of the b-MCC by 2-fold

(Table 2). In terms of open/close kinetics, the mean open

time (Tomean) and mean closed time (Tcmean) of the i-MCC

and b-MCC were similar. In contrast, Tomean and Tcmean for

the xl-MCC exceeded that of the other two channels by 10-

and 2.5-fold, respectively (Table 2).

Ca2+ dependence of the distinct mitoplast (Ca2+) inward

currents

In the absence of Ca2+ in patch pipettes, no channel activity

was observed in nine patches tested (data not shown) at

voltages −100 to −150 mV. These observations strongly

indicate that the observed channel activities are mediated

by Ca2+ fluxes.

Fig. 5 Channels with b-MCC

isolated from HeLa cells. a

Exemplary traces showing the

activity of intermediate

conductance mitochondrial

Ca2+ channels together with

bursting channel activity in the

same patch. b Exemplary traces

showing the activity of bursting

channel as a sole single-channel

activity type. c Corresponding

amplitude histogram

constructed from traces shown

in (b)
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Sensitivity of the distinct mitoplast (Ca2+) inward currents

to RuR

We next explored the sensitivity of the three distinct single-

channel activities to RuR, the golden standard of an inhib-

itor of the mitochondrial Ca2+ uniporter. When 1 μM RuR

was present in the pipettes, the occurrences of i-MCC and b-

MCC channels were not altered (13 out of 19 patches).

Among these 13 patches, 2 patches exhibited xl-MCC ac-

tivity in the presence of 1 μM RuR, suggesting that the

occurrence of xl-MCC is also not affected by 1 μM RuR.

The conductances of these two xl-MCC channels were re-

duced in the presence of 1 μM RuR in the pipettes to 54 and

48 pS compared with the mean conductance of xl-MCC

channels of 80.2±7.8 pS (Fig. 7a; Table 3). These observa-

tions indicate that the xl-MCC conductance, but not

Fig. 6 Bursting Ca channels

(b-MCC) are voltage

dependent. a Exemplary single-

channel traces of b-MCC at

different voltages indicated.

Note an increase in the b-MCC

activity at more negative

voltages. b Corresponding

current–voltage relationship of

i-MCC
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occurrence, is reduced in the presence of 1 μM RuR. In the

presence of 10 μM RuR in the pipette, the i-MCC channel

activity was observed in seven out of nine patches tested.

Under these conditions, the conductance of i-MCC channel

was reduced to 7.3±1.1 pS (n=7) (Fig. 7b, c) compared with

11.7±0.6 pS in the absence of RuR. Similar to the i-MCC,

b-MCC conductance was reduced in the presence of 10 μM

RuR in the pipette (from 22.6±1.7 pS in the absence of RuR

to 16.3±1.8 pS (n=4) in the presence of 10 μM RuR in the

pipette) (Table 3). However, among these nine patches test-

ed with 10 μM RuR in the pipette, no xl-MCC activity was

observed, thus indicating that 10 μM RuR completely pre-

vented xl-MCC activity. In the presence of 30 μM RuR in

patch pipette, no single-channel activity was observed in 12

patches tested.

We also explored the effect of RuR applied to the bath

solution on activities of mitochondria Ca2+ channels. When

1 μM RuR was applied to the bath solution the activity but

not the conductance of i-MCC and b-MCC channels was

decreased (Fig. 8a). At concentration 10 μM, RuR largely

suppressed the single-channel amplitude and open probabil-

ity (up to 70 %) of both i-MCC and b-MCC. In two out of

six patches, 10 μM RuR applied to the bath completely

suppressed the activity of both i-MCC and b-MCC. The

xl-MCC activity was largely suppressed by 1 μM RuR and

completely inhibited by 10 μM RuR (Fig. 8b). Altogether,

these observations may indicate that i-MCC and b-MCC are

less sensitive to RuR than xl-MCC (Table 3).

Pharmacological characterization of (Ca2+) inward currents

in mitoplasts

As in all experiments described above 10 μM CsA and CGP

37187 were present in the pipette solutions, the observed

three mitoplast (Ca2+) currents were obviously not sensitive

to inhibition of the PTP, NCXmito, and LETM1.

The inner mitochondrial membrane contains Cl− chan-

nels activated at depolarized but not hyperpolarized voltages

[24]. Nevertheless, to exclude the possibility that the ob-

served channel activities were caused by Cl− conductances,

experiments using a pipette solution with a reduced Cl−

concentration (PS2, Table 1) were performed. A decrease

of Cl− concentration either in a pipette (Fig. 9a, b) or a bath

(Figs. 8a, b and 9c, d) solution failed to affect inward open-

ings at negative potentials and single-channel conductance.

Voltage ramps from −150 to 150 mV revealed single-channel

opening events at voltages positive than +30 mV likely

corresponding to the activity of Cl− channels (Fig. 9e). Sub-

sequently, the sensitivity of mitoplast ion currents to well-

known Cl− channel inhibitors has been tested. Neither the

presence in the pipette solution of 100 μM niflumic acid,

nor 100 μM DIDS prevented the single-channel activities

of xl-MCC (Figs. 8b and 10a), i-MCC and b-MCC

(Fig. 10b) suggesting that Cl− channels unlikely account for

the observed single-channel activities (Table 3). Incorporation

of either paxilline (1 μM), iberiotoxin (100 nM), or glibencla-

mide (10 μM) into the patch pipette failed to prevent single-

channel activities (Table 3; Fig. 10c).

Discussion

In view of the recent progress in the molecular identification

of potential contributors to mitochondrial Ca2+ uptake

(MCU [3, 6], RyR1 [22], LETM 1 [12, 28], and UCP2/3

[25, 26]) and the remaining evaluation of the individual

contributions of these proteins to mitochondrial Ca2+ sig-

naling in situ, there is an emerging need for a biophysical

and pharmacological characterization of these co-existing

Ca2+ channels of the inner mitochondrial membrane. Our

work for the first time provides a clear and transparent basis

for studying Ca2+ currents of the inner mitochondrial mem-

brane that will help to identify and characterize possible

contributors of mitochondrial Ca2+ uptake on the molecular

level.

Our findings that the currents measured required Ca2+ in

the pipette indicate that all currents indeed represent Ca2+

conductances through the inner mitochondrial membrane.

This assumption was further supported by our findings that

under conditions in which only Ca2+ and Cl−were present (i.e.,

PS1) in the pipette/mitoplast matrix, the Cl− channel blockers

DIDS and niflumic acid, and the K+ channel inhibitors paxil-

line, iberiotoxin, and glibenclamide did not affect the individual

currents. In line with these findings, a reduced Cl− content of

either the pipette or bath buffer did not affect the individual

currents. Overall, these data indicate that the three currents

described above most likely represent three distinct Ca2+ con-

ductances across the inner mitochondrial membrane.

The xl-MCC channel activity was observed inconsistent-

ly and their occurrence varied between different experimen-

tal days. Hence, it was difficult to consistently conduct

Table 2 Gating characteristics of the detected mitoplast Ca2+ currents

NPo(ms) Tcmean Tomean(ms) Number

i-MCC 0.61±0.14 3.5±0.5 14.9±2.4 13

xl-MCC 0.77±0.06 45.8±14.3 57.7±15.9 8

b-MCC 0.34±0.08 4.4±0.9 22.6±2.6 5

In all experiments, bath solution contained (in mM): 150 KCl, 1

EGTA, 1 EDTA, and 10 HEPES and pH was adjusted to 7.2 with

KOH. Open probability (NPo), mean open time (Tomean) and mean

close time (Tcmean) of intermediate (i-MCC), extra-large mitochondrial

Ca2+ channel (xl-MCC) and burst (b-MCC) mitochondrial Ca2+ chan-

nels are presented as means ± SEM. n, provides the number of indi-

vidual patches for the respective experiments
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experiments specifically on this channel type. In regard of

possible channels with similar characteristics to those de-

scribed above, we cannot completely exclude possible

contamination of mitochondrial fractions from the plasma

membrane sheets. Cell fractionation has become a standard

procedure combining various centrifugation steps and purity

Table 3 Overview on the pharmacological profile of mitoplast Ca2+ currents

Target Compound to be tested (μM) Concentration Inhibition of i-MCC Inhibition of xl-MCC Inhibition of b-MCC

MCU Ruthenium red 1 None Moderate None

10 Moderate Strong Moderate

30 Strong Strong Strong

NCXmito CGP 37187 10 None None None

PTP Cyclosporin A 10 None None None

(B)KCa Paxilline IbTX 1 0.1 None None None

None None None

KATP Glibenclamide 10 None None None

Cl− channels DIDS 100 None None None

Nonselective cation channels Niflumic acid 100 None None None

The inhibitory potential of the compounds on i-MCC, xl-MCC, and b-MCC were evaluated in experiments using PS1 and PS2 in the pipette. Experiments

were performed in mitoplasts of at least five different isolation days. Mitoplasts were isolated from HeLa cells as described under “Materials and methods”

Fig. 7 Pharmacological

inhibition of mitochondrial

Ca2+ channels by ruthenium red

(RuR). a Exemplary traces

showing a decreased unitary

amplitude of xl-MCC channels

in the presence of 1 μM RuR in

the pipette. Test potential is

−100 mV. b Exemplary traces

showing reduced single-

channel amplitude of i-MCC

channel activity by 10 μM RuR

present in the pipette solution.

Standard 105 mM CaCl2-

containing solutions was

supplemented with 100 μM

DIDS, 10 μM CsA, 10 μM

CGP 37187, and 10 μM RuR.

Test potential is −100 mV. c

Corresponding amplitude

histogram of the channel

activity shown in (b) reveals

decreased single-channel

amplitude of i-MCC in the

presence of RuR
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of mitoplasts was tested by Western blotting of respective

proteins. Moreover, because electrophysiological recordings

from mitoplasts were preceded by mitoplast selection and

chasing with the patch pipette under visual control, meas-

urements of proteins from other cellular compartments are

highly unlikely, although not absolutely excludable.

In the present study we show that under conditions

that facilitate Ca2+ currents, mitoplasts isolated from

HeLa cells exhibit three distinct types of single-channel

activity: most frequently an 11 pS channel (i-MCC) was

observed. In addition, a burst-channel with conductance

of 23 pS (b-MCC) and a rare, large channel with a

conductance of 80 pS (xl-MCC) were recorded. The

co-existence of i-MCC and xl-MCC in mitoplasts form

HeLa cells is in line with our previous report [11].

Hence, the conductance of i-MCC, channel density,

and its gating characteristics found in mitoplasts from

HeLa cells (this paper) and endothelial cells [11],

Fig. 8 Ruthenium red

suppresses the activities of

mitochondrial Ca2+ channels. a,

b Representative traces

showing the activities of

b-MCC at test potential of

−150 mV (a) and xl-MCC at

test potential of −100 mV (b)

before (control) and after

addition of 1 and 10 μM RuR

into the bath solution.

Recordings were performed in

the bath solution containing

40 mM Cl− in the absence (a)

and presence (b) of 100 μM

DIDS in the pipette solution
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obviously correspond to the mCa1 entitled current

recorded in cardiac myocytes [17], thus, pointing to i-

MCC as to be a likely candidate for an ubiquitous Ca2+

channel of the inner mitochondrial membrane. However,

with its conductance between 11 and 14 pS, i-MCC

exceeds that of MCU reconstituted into planar lipid

bilayer (6–7 pS) [6], the most promising candidate

representing the pore-forming unit of a mitochondrial

Ca2+ channel [3, 6].

However, a conductance (i.e., 3–8 pS) very similar to that

found in planar lipid bilayer with reconstituted MCU was

recorded from mitoplasts isolated from COS7 cells [13],

cardiac myocytes (mCa2) [17], and endothelial cells (s-

MCC) [11] but not in HeLa cells (this study and [11]). This

Fig. 9 Effect of manipulation

of Cl− concentrations on (Ca2+)

inward currents in mitoplasts. a

Representative traces of i-MCC

channel activity recorded with

the use of low Cl− (40 mM

Cl−)-containing pipette

solution. Test potential is

−100 mV. b Amplitude

histogram of the channel

activity shown in (a). c

Representative traces showing

the activity of b-MCC at

different voltages indicated in

the presence of 40 mM bath

Cl−. d Corresponding voltage

dependency of single-channel

amplitudes of single-channel

openings shown in (c). e

Representative current

responses to a voltage ramps

from −150 to +150 mV under

our standard recording

conditions showing the activity

of Cl− channels at positive

potentials
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is particular notable as MCU is expressed in HeLa cells and

was functionally characterized in this particular cell type [3,

6]. Recently, MICU1 [19] was described as a gatekeeping

modulator protein regulating the MCU activity [15], thus,

this discrepancy might be due to the lack of MICU1 in the in

vitro experimental setup, resulting in the channel activity

with reduced conductance when measurements are per-

formed from planar lipid bilayer with reconstituted MCU.

Accordingly, the individual contribution of MCU and other

putative Ca2+ channels/carriers of the mitochondrial inner

membrane (i.e., Letm1, RyR1, and UCP2/3 [14, 18]) to the

three Ca2+ currents described herein remains speculative and

essentially awaits further investigation.

Moreover, at the current stage, it is unclear whether or not

the three distinct types of channel activities we found in the

inner mitochondria membrane of HeLa cells correlate with

distinct ion carrier proteins of the inner mitochondrial mem-

brane. We also cannot exclude the possibility that during mito-

plast preparation procedure certain proteins that normally reside

in the outer mitochondrial membrane (e.g., VDAC [2, 23] or

mitofusin-2 [1, 5, 16]) interact with the Ca2+ channels of the

inner mitochondrial membrane and, subsequently, affect their

Fig. 10 Pharmacological

characterization of (Ca2+)

inward currents in mitoplasts. a

Representative traces showing

xl-MCC channel activity in the

presence of 100 μM niflumic

acid in the pipette solution. Test

potential is −100 mV. b

Representative traces showing

the activities of b-MCC and

i-MCC in the same patch in the

presence of 100 μM DIDS in

the pipette solution. Test

potential is −100 mV. c

Representative traces showing

the activity of b i-MCC in the

presence of 1 μM paxilline and

10 μM glibenclamide in the

pipette solution. Test potential

is −100 mV
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conductances and biophysical behavior. Hence, the different

conductances observed might be either a feature of three dis-

tinct Ca2+ transport proteins of the inner mitochondrial mem-

brane, or represent different conductance states of one single

channel that might be influenced by interactions with proteins

of the outer mitochondrial membrane. In this regard, it remains

unclear whether or not b-MCC indeed represents an indepen-

dent single-type channel or the burst current activity reflects a

not fully open state of the xl-MCC channel.

Due to the individual sensitivities to RuR and the different

conductances, it is tempting to speculate that xl-MCC, b-MCC

and i-MCC are indeed distinct Ca2+ channels in one given

mitochondrion. Notably, xl-MCC was found to be more sen-

sitive to RuR than i-MCC and b-MCC, thus, pointing to some

similarities between i-MCC and b-MCC. In spite of the huge

Ca2+ gradient the reversal potential for all three Ca2+ currents

was quite low, most likely indicating that free Ca2+ concen-

tration into the mitochondria matrix was quite high. Impor-

tantly, we performed experiments in Na+ free bath solution,

which prevents Ca2+ extrusion from mitoplasts via NCXmito.

In the present work, three distinct types of Ca2+

currents through the inner mitochondrial membrane have

been described that essentially depend on transmem-

brane Ca2+ movements and are neither sensitive to

inhibitors of Cl− and K+ channels nor susceptible to

an inhibition of the PTP, Letm1 and the NCXmito. Based

on their individual biophysical characteristics and sensi-

tivity to RuR, these currents are most likely established

by three distinct channels/complexes, thus, challenging

the view of a unique, ubiquitous mitochondrial Ca2+

uniporter. Applying the experimental procedures pre-

sented herein, studies on the individual contribution of

the reported putative mitochondrial Ca2+ channel/carrier

proteins to the distinct Ca2+ currents across the inner

mitochondrial membrane appear feasible.
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Molecularly Distinct Routes of Mitochondrial Ca2� Uptake
Are Activated Depending on the Activity of the
Sarco/Endoplasmic Reticulum Ca2� ATPase (SERCA)*□S
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Background:Mitochondria may utilize different proteins to decode high and low cytosolic Ca2�.

Results: Inhibition of SERCA shifts mitochondrial Ca2� uptake from being UCP3-dependent to Letm1-dependent.

Conclusion: Depending on the mode of intracellular Ca2� release, two different mitochondrial Ca2� uptake pathways are

engaged.

Significance:The dissection of twomolecularly distinctmitochondrial Ca2� uptake routes depending on SERCAactivity points

to the complexity of the mitochondrial Ca2� uptake machinery.

The transfer of Ca2� across the inner mitochondrial mem-

brane is an important physiological process linked to the regu-

lation of metabolism, signal transduction, and cell death.While

the definite molecular composition of mitochondrial Ca2�

uptake sites remains unknown, several proteins of the inner

mitochondrial membrane, that are likely to accomplish mito-

chondrial Ca2� fluxes, have been described: the novel uncou-

pling proteins 2 and 3, the leucine zipper-EF-hand containing

transmembrane protein 1 and the mitochondrial calcium

uniporter. It is unclear whether these proteins contribute to one

uniquemitochondrialCa2�uptakepathwayor establish distinct

routes for mitochondrial Ca2� sequestration. In this study, we

show that a modulation of Ca2� release from the endoplasmic

reticulum by inhibition of the sarco/endoplasmatic reticulum

ATPase modifies cytosolic Ca2� signals and consequently

switches mitochondrial Ca2� uptake from an uncoupling pro-

tein 3- and mitochondrial calcium uniporter-dependent, but

leucine zipper-EF-hand containing transmembrane protein

1-independent to a leucine zipper-EF-hand containing trans-

membraneprotein 1- andmitochondrial calciumuniporter-me-

diated, but uncoupling protein 3-independent pathway. Thus,

the activity of sarco/endoplasmatic reticulum ATPase is signif-

icant for the mode of mitochondrial Ca2� sequestration and

determines which mitochondrial proteins might actually

accomplish the transfer of Ca2� across the inner mitochondrial

membrane.Moreover, our findings herein support the existence

of distinct mitochondrial Ca2� uptake routes that might be

essential to ensure an efficient ion transfer into mitochondria

despite heterogeneous cytosolic Ca2� rises.

The ability of mitochondria to respond to cytosolic Ca2�

elevations is fundamental for cell signaling (1). An accumula-
tion of Ca2� within mitochondria impacts the rate of oxidative
phosphorylation (2) and shapes cytosolic Ca2� signals (3, 4).
Notably, since excessive Ca2� uptake into mitochondria alters
the morphology of the organelle and triggers cell death path-
ways (5), a proper control of mitochondrial Ca2� sequestration
is essential to maintainmitochondrial and cellular homeostasis
(6).
Whereas the phenomenon of mitochondrial Ca2� uptake is

well characterized as to be accomplished by the so-called mito-
chondrial Ca2� uniporter, the identification of the actual pro-
tein(s) that establish mitochondrial Ca2� uptake is/are still not
entirely completed. Moreover, though early patch-clamp stud-
ies revealed one Ca2� current in mitoplasts (7), recent reports
point to the existence of several distinct mitochondrial Ca2�

currents across the inner mitochondrial membrane (IMM)5

(8–10), thus, challenging the concept of one sole, ubiquitous,
mitochondrial Ca2� uniporter. In agreement with these find-
ings several proteins of the IMM have been identified as puta-
tive mitochondrial Ca2� carriers and/or components of mito-
chondrial Ca2� uptake sites (6, 11). Among these molecules, a
40 kDa protein initially referred to as CCDC109A and then
renamed to “mitochondrial calcium uniporter” (MCU) (12, 13)
appears to be a promising candidate for a mitochondrial Ca2�
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channel (6). MCU, which was suggested to represent the Ca2�

conducting pore in the IMM, was shown to accomplish mito-
chondrial Ca2� uptake independently from the source of Ca2�.
In contrast, the leucine zipper-EF-hand containing transmem-
brane protein 1 (Letm1), which was initially described as a
K�/H� exchanger in the IMM (14), was also shown to function
as a mitochondrial Ca2�/H� antiporter (15) that mainly
achieved mitochondrial Ca2� accumulation as a result of slow
cytosolic Ca2� rises, such as those induced by Ca2� entry via
the store-operated Ca2� entry (SOCE) pathway in endothelial
and HeLa cells (16). In the same cell types, however, the novel
uncoupling proteins 2 and 3 (UCP2/3)were found to contribute
primarily to the instant transfer of intracellularly released Ca2�

into mitochondria while UCP2/3 did not appear to be engaged
in mitochondrial Ca2� uptake upon activation of SOCE (17–
19). Such distinct contribution of Letm1 and UCP2/3 to mito-
chondrial Ca2� uptake might explain the versatility of mito-
chondria to decode the various patterns of the cytosolic Ca2�

signal (20), while the actual molecular function of these pro-
teins remain elusive (6, 21). However, a recent study reports
that inhibition of the sarco/endoplasmatic reticulum ATPase
(SERCA) abrogates the contribution of UCP3 tomitochondrial
Ca2� uptake in HeLa cells (22). Although these findings con-
firm our previous report, in which mitochondrial Ca2� uptake
following SERCA inhibition was shown to be independent of
UCP3 (23), the individual interpretation of these data are very
different. On one hand, based on their measurements of cyto-
solicATP,DeMarchi et al. concluded thatUCP3 is not engaged
in mitochondrial Ca2� uptake, but affects the transfer of Ca2�

into mitochondria by impacting the SERCA activity via the
modulation of mitochondrial ATP generation (22). On
the other hand, our group provided experimental evidence, that
the contribution of UCP2/3 is independent of the organelles
ATP production (17). Hence, upon SERCA inhibition mito-
chondrial Ca2� uptake is accomplished by a CGP37157-sensi-
tive Ca2� exchanger (23). However, as the potential contribu-
tion of amitochondrial Ca2� exchanger tomitochondrial Ca2�

uptake under SERCA inhibition was not evaluated by De Mar-
chi et al., the controversial conclusions remain and await
clarification.
Therefore, the present study was designed to solve this con-

troversy. Thus, we employed the same cell model (HeLa cells)
and evaluated the contribution of UCP3, Letm1 and MCU to
mitochondrial and cytosolic Ca2�signaling using a recently
developed, mitochondrially targeted red-shifted Ca2� sensor
(24) and fura-2/am. This technique allowed us to follow simul-
taneously respective Ca2� signals in both compartments.

EXPERIMENTAL PROCEDURES

Chemicals and Buffer Solutions—Cell culture materials were
obtained from PAA laboratories (Pasching, Austria). Thapsi-
gargin was purchased from Abcam� (London, UK), Histamine
and EGTA were from Sigma (Vienna, Austria). Prior to exper-
iments cells were washed and maintained for 20 min in a
HEPES buffered solution composed of (in mM): 138 NaCl, 5
KCl, 2 CaCl2, 1 MgCl2, 1 HEPES, 2.6 NaHCO3, 0.44 KH2PO4,
0.34 Na2HPO4, 10 D-glucose, 0.1% vitamins, 0.2% essential
amino acids, and 1% penicillin/streptomycin; pH adjusted to

7.4 with NaOH. During the experiments cells were continu-
ously perfused with a Ca2� containing buffer, which consisted
of (inmM): 145NaCl, 5KCl, 2CaCl2, 1MgCl2, 10 D-glucose, and
10 HEPES; pH adjusted to 7.4 with NaOH. In experiments
where a Ca2�-free solution was applied to the cells, the CaCl2
was replaced with 1 mM EGTA.
siRNAs and Approval of Their Respective Knock-down

Efficiency—The siRNAs against human MCU, UCP2/3 and
Letm1 were obtained from Microsynth (Balgach, Switzerland)
and their nucleotide sequences (5�-3�) were as follows: si1-
hMCU: GCCAGAGACAGACAAUACUtt; si2-hMCU: GGA-
AAGGGAGCUUAUUGAAtt; si1-hLetm1: UCCACAUUUG-
AGACUCAGUtt; si2-hLetm1: AUGUUCCAUUUGGCUGC-
UGtt; si-hUCP2:GCACCGUCAAUGCCUACAAtt; si-hUCP3:
GGAACUUUGCCCAACAUCAtt.
For controls, a scrambled siRNA was used: UUCUC-

CGAACGUGUCACGUtt. Although all siRNAs used in this
study have been previously approved to exhibit reliable gene
knock-down efficiency (16), their efficiency was again verified
by quantitative RT-PCR in HeLa as previously described (25).
Total RNA was isolated from control and target siRNA

treated HeLa cells using a RNA isolation kit (PEQLAB Biotech-
nologie GmbH, Erlangen, Germany). Reverse transcription was
carried out using a cDNA synthesis kit from Applied Biosys-
tems. The efficiency of siRNAwas validated by performing Real
time PCR using QuantiFast SYBR Green RT-PCR kit (Qiagen,
Hilden, Germany) on LightCycler 480 (Roche Diagnostics,
Vienna, Austria). RNA polymerase II (RPOL2) was used as
housekeeping control. Primers for RPOL2,UCP2,UCP3,MCU,
and LETM1 were obtained from Invitrogen (Vienna, Austria)
and there sequences (5�-3�) are as follows: RPOL2 for: CATT-
GACTTGCGTTTCCACC, RPOL2 rev: ACATTTTGTGCA-
GAGTTGGC, UCP2 for: TCCTGAAAGCCAACCTCATG,
UCP2 rev: GGCAGAGTTCATGTATCTCGTC, UCP3 for:
AGAAAATACAGCGGGACTATGG, UCP3 rev: CTTGAGG-
ATGTCGTAGGTCAC, MCU for: TTCCTGGCAGAATTT-
GGGAG, MCU rev: AGAGATAGGCTTGAGTGTGAAC,
Letm1 for: TGTTCTTCAAGGCCATCTCC, Letm1 rev: TGT-
TGCTGTGAAGCTCTTCC. The expression data were ana-
lyzed by ��Ct method as described previously (25). Knock-
down efficiency was in the same range than previously reported
for endothelial cells (16).
Cell Culture and Transfection—HeLa cells were cultured as

described previously (24). Briefly, cells were grown in
Dulbeccos´s Modified Eagle Medium (Sigma, Vienna, Austria)
containing 10% fetal bovine serum, 100 units/ml penicillin, and
100 �g/ml streptomycin and were plated on 30-mm glass cov-
erslips. At 60–80% confluency, cells were transfectedwith 2�g
(per 30-mm well) of plasmid DNA encoding 4mtD1GO-Cam
(24) alone or in combination with 100 �M siRNA using 4
�g/well TransFastTM transfection reagent (Promega, Madison,
WI) in 0.5 ml of serum and antibiotic-free transfection
medium. Cells were maintained in a humidified incubator
(37 °C, 5% CO2, 95% air) for 16–20 h before changing back to
complete RPMI 1640 medium. All experiments were per-
formed either 48 h or 72 h after transfection.
SimultaneousCytosolicandMitochondrialCa2�Measurements—

4mtD1GO-Cam (24) transfected HeLa cells were loaded with 2
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�M fura-2/AM (TEFLabs, Austin, TX) for 45 min prior to the
experiments. Co-imaging of fura-2 and the 4mtD1GO-Cam
was achieved with a digital wide field imaging system, the Till
iMIC (Till Photonics Graefelfing, Germany) using a 40	 objec-
tive (alpha Plan Fluar 40	, Zeiss, Göttingen, Germany). For
illumination of fura-2 and the 4mtD1GO-Cam an ultra fast
switching monochromator, the Polychrome V (Till Photonics)
equippedwith an excitation filter (E500spuv, ChromaTechnol-
ogy Corp., Rockingham, Vermont) and a dichroic filter
(495dcxru, Chroma Technology Corp) was used. fura-2 was
excited alternatively at 340 nm and 380 nm and the red-shifted
mitochondrial-targeted cameleon was excited at 477 nm,
respectively. Emitted light was simultaneously collected at 510
nm (fura-2 andGFPofGO-Cam) and at 560nm (FRET-channel
of GO-Cam) using a single beam splitter design (Dichrotome,
Till Photonics) that was equipped with a dual band emission
filter (59004mETFitc/TritcDual Emitter, ChromaTechnology
Corp.) and a second dichroic filter (560dcxr, Chroma Technol-
ogy Corp.). Images were recorded with a charged-coupled
device (CCD) camera (AVT Stringray F145B, Allied Vision
Technologies, Stadtroda, Germany). For the data acquisition
and the control of the digital fluorescence microscope the live
acquisition software (LA) version 2.0.0.12 (Till Photonics) was
used. Post-acquisition image analysis was performed on Meta-
Morph 7.7.0.0 (Visitron Systems, Puchheim, Germany).
Statistics—Data shown represent the mean � S.E., where n

reflects the number of cells. Statistical analyses were performed
with unpaired Student’s t test, and p 
 0.05 was considered to
be significant.

RESULTS

SERCA Inhibition Slows Down the IP3-mediated Transfer of
Ca2� into Mitochondria—[Ca2�]cyto and [Ca2�]mito were
simultaneously measured using Fura-2/AM-loaded cells that
transiently expressed 4mtD1GO-Cam, a recently developed
red shifted genetically encoded Ca2� probe targeted to the
mitochondrialmatrix (Fig. 1A). This approach allowed an accu-
rate temporal correlation of changes in [Ca2�]cyto with
[Ca2�]mito. Stimulation with the IP3-generating agonist hista-
mine in the absence of extracellular Ca2� induced a fast
increase of both cytosolic and mitochondrial Ca2� levels (Fig.
1B, left panel), indicating an efficient transfer of Ca2� from the
endoplasmic reticulum (ER) into mitochondria. The Ca2� sig-
nal in the cytosol occurred slightly faster than the respective
Ca2� elevation within mitochondria of same single individual
cells (Fig. 1, B, left panel & C). Pretreating the cells with the
SERCA inhibitor thapsigargin 40 s prior to the addition of his-
tamine, enhanced the cytosolic Ca2� elevation (Fig. 1, B, right
panel& C). Notably, in the presence of thapsigargin, [Ca2�]cyto
started to increase slowly, indicating Ca2� leakage from the ER.
This weak thaspsigargin-induced cytosolic Ca2� signal was not
accompanied by a significant elevation in [Ca2�]mito (Fig. 1B,
right panel). Subsequent addition of histamine evoked a further
pronounced rise of both [Ca2�]cyto and [Ca2�]mito. However,
these signals increased with a slower kinetics compared with
respective Ca2� elevations in the absence of the SERCA inhib-
itor (Fig. 1, B& C). In addition, the time gap between the hista-
mine induced rise of [Ca2�]cyto and the respective mitochon-

drial Ca2� signal was considerably extended in the presence of
thapsigargin (Fig. 1, B & C), indicating that SERCA inhibition
decelerates the transfer of Ca2� into mitochondria upon IP3-
mediated Ca2� release. A correlation between changes of
[Ca2�]cyto and respective Ca2� signals within mitochondria
showed that in the presence of thapsigargin almost twice as
much cytosolic Ca2� was elevated, until mitochondrial Ca2�

uptake was activated (Fig. 1D).
These protocols that illustrate the distinct kinetics of the

compartmental Ca2� rises and coupling between [Ca2�]cyto
and [Ca2�]mito were subsequently used to investigate the con-
tribution of the individual proteins that have been proposed to
be involved in mitochondrial Ca2� uptake (i.e. UCP3, Letm1,
and MCU).
SERCA Inhibition SwitchesMitochondrial Ca2�Uptake from

a UCP3-dependent into a Letm1-dependent Mode—We specu-
lated that the SERCA-dependent differences in the kinetics of
mitochondrial Ca2� signals probably reflect the involvement of
distinct mitochondrial Ca2� uptake routes. Therefore, we per-
formed experiments, in which the contribution of the mito-
chondrial proteins UCP2/3, Letm1 andMCU tomitochondrial
Ca2� uptake in various protocols was investigated by diminu-
tion of these proteins with a transient transfection of the
respective siRNA. The siRNAs against UCP2/3, Letm1, and
MCU have already been validated to specifically and signifi-
cantly reduce mRNA level of the respective proteins (16).
In line with previous studies (17, 18, 22), a transient knock-

down of UCP3 significantly reduced the histamine-induced
mitochondrial Ca2� signal, while the respective cytosolic Ca2�

elevation was only minimally affected (Fig. 2, A, left panel& B).
As recently demonstrated (22), SERCA inhibition with thapsi-
gargin, which was added shortly before histamine, abolished
the effect of UCP3 knock-down on [Ca2�]mito (Fig. 2, A, right
panel & B).
Next we performed analogous experiments with cells, in

which Letm1 was silenced (Fig. 2, C & D). Mitochondrial Ca2�

sequestration upon IP3-mediated Ca2� mobilization in the
absence of thapsigargin was not affected in cells that were
treated with siRNA against Letm1 (Fig. 2, C, left panel & D). In
contrast, if SERCA activity prior to the addition of the agonist
was blocked, diminution of Letm1 strongly reduced the hista-
mine-induced mitochondrial Ca2� signal (Fig. 2, C, right panel
& D). Notably, the siRNA-mediated knock-down of UCP2/3,
Letm1, and MCU neither affected the mitochondrial mem-
brane potential (supplemental Fig. S1), nor the capacity of
mitochondria to extrude Ca2� (supplemental Fig. S2). These
data indicate that SERCA inhibition switches themode ofmito-
chondrial Ca2� uptake from a Letm1-independent to a Letm1-
dependent one and, hence, explain the lacking contribution of
UCP2/3 to mitochondrial Ca2� uptake under conditions of
SERCA inhibition.
MCU Contributes to Mitochondrial Ca2� Uptake Independ-

ently from SERCA Activity and, Hence, the Mode of Ca2�

Mobilization—To investigate the participation of MCU in the
transfer of intracellularly released Ca2� into mitochondria,
respective experiments were performed with MCU-depleted
cells. The knock-down of MCU negligibly altered cytosolic
Ca2� signals in response to cell stimulation (Fig. 3A& Fig. 5B).
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However, respective mitochondrial Ca2� signals were strongly
diminished in cells depleted of MCU (Fig. 3, A & B). Notably,
the inhibitory effect of MCU knock-down on mitochondrial
Ca2� accumulation was independent of the absence or pres-
ence of thapsigargin (Fig. 3), indicating that MCU facilitates
mitochondrial Ca2� uptake independently of SERCA activity
and, hence, the mode of Ca2� mobilization.

A simultaneous knock-down of either MCU and UCP2/3 or
MCU and Letm1 did not further reduce mitochondrial Ca2�

uptake under the various conditions (Fig. 3, C and D & supple-
mental Fig. S3), thus, pointing to a functional interaction
between these putative contributors of mitochondrial Ca2�

uptake.
SERCA Inhibition Following IP3-mediated Ca2� Release

Increases SOCEandAlsoAbrogates theContribution ofUCP2/3

to MCU-mediated Mitochondrial Ca2� Uptake, While Letm1
Gets Involved—SERCA inhibition prior to cell stimulation with
histamine partially emptied the internal Ca2� store that results
in a decelerated, but higher cytosolic Ca2� signal and a greater
delay of the Ca2� transfer into the mitochondria (Fig. 1B, right
panel) suggesting a shift in the mode/route of mitochondrial
Ca2� uptake.
To test whether or not this change in mitochondrial Ca2�

uptake mode/route also occurs under condition in which the
cell is already stimulated by an IP3-generating agonist, we per-
formed different experimental protocols, in which thapsigargin
was added after histamine. If cellswere continuously exposed to
the IP3 generating agonist in the absence of extracellular Ca2�,
the subsequent SERCA inhibition transiently elevated
[Ca2�]cyto (Fig. 4A). This transient thapsigargin-induced
increase of cytsolic Ca2� levels evoked only small changes of
[Ca2�]mito. In contrast, SERCA inhibition following IP3-medi-
atedCa2� release in the presence of extracellular Ca2�-induced
prominent, longer-lasting elevations of both [Ca2�]cyto and
[Ca2�]mito (Fig. 4B), thus, highlighting the involvement of
SOCE that promotes mitochondrial Ca2� accumulation. The
latter protocol was further used to test the contribution of
UCP3, Letm1, and MCU to mitochondrial Ca2� sequestration
under these conditions of Ca2� mobilization.
Consistent with our previous work and the experiments in

the absence of extracellular Ca2� (Fig. 2,B andD) cells depleted
of UCP3 showed greatly reducedmitochondrial Ca2� accumu-
lation in response to histamine (Fig. 5A). The subsequent addi-
tion of thapsigargin evoked a substantial rise of [Ca2�]mito that
was not affected by the diminution of UCP3.

In contrast, knock-down of Letm1 negligibly influenced
mitochondrial Ca2� uptake that was elicited by histamine,
whereas [Ca2�]mito was significantly reduced in response to a
subsequent SERCA inhibition (Fig. 5A). These findings demon-
strated that in protocols in which SERCAwas blocked after the
initiation of IP3-mediated Ca2� release, mitochondrial Ca2�

uptake also switched from an UCP3-reliant to a Letm1-depen-
dent mode.
Consistentwith previous experiments, cells thatwere treated

with siRNA against MCU showed attenuated mitochondrial
Ca2� signals in response to histamine and to the subsequent
addition of thapsigargin (Fig. 5A). Notably, the initial cytosolic
Ca2� peak and the thapsigargin induced rise remained unaf-
fected under all conditions (Fig. 5B).

DISCUSSION

Our present data reveal that IP3-mediated, rapid Ca2� rises,
that are associated with the generation of high Ca2� micro-
domains at the surface of mitochondria (26) were transferred
into these organelles via an UCP3- and MCU-dependent but
Letm1-independent pathway (Fig. 6A). However, if themode of
Ca2�mobilizationwas decelerated by SERCA inhibition, which
increased ER Ca2� leakage and, thus, probably attenuated the
inter-organelle Ca2� micro-domains, mitochondria slowly
accumulated Ca2� via an UCP3-independent, but Letm1- and
MCU-reliant route (Fig. 6B).
Basically, our current findings indicate that amodification of

the IP3-mediated Ca2� release by SERCA inhibition signifi-
cantly alters the molecular characteristics of mitochondrial
Ca2� uptake. At first glance, these findings are not surprising,
considering the central role of ER Ca2� pumps in the control of
the cellular Ca2� homeostasis (27, 28). Virtually, in all cells,
SERCAactivity is necessary tomaintain highCa2� levels within
the ER by counteractingCa2� leakage and to restoreCa2� upon
events of ERCa2� release (29, 30). In linewith these reports, our
measurements show that a combination of the SERCA inhibi-
tor with the IP3-generating agonist boosts the total increases in
global cytosolic and mitochondrial Ca2� signals, thus, further
supporting the hypothesis that during IP3-mediated ER deple-
tion, SERCA activity counteracts cytosolic Ca2� rises under
control conditions (31).
One possible explanation for this obvious switch in themode

of mitochondrial Ca2� uptake is an attenuation of high Ca2�

micro-domains in the inter-organelle gap between the ER and
mitochondria upon inhibition of SERCA. High Ca2� micro-

FIGURE 1. SERCA inhibition prior to IP3-mediated Ca2� release impacts the kinetics of Ca2� signals and coupling between [Ca2�]cyto and [Ca2�]mito. A,
HeLa cells expressing the mitochondrial Ca2� sensor 4mtD1GO-Cam (red) were loaded with fura-2/AM (blue). Images were taken with a fully automated
fluorescence microscope using a camera binning of 4. B, upper panels: representative traces of cytosolic (blue curves) and mitochondrial (red curves) Ca2� signals
in HeLa cells upon stimulation with 100 �M histamine in the absence of Ca2� (left upper panel). SERCA inhibition was achieved by using 1 �M thapsigargin that
was added 40 s prior to cell treatment with histamine (right upper panel). Data are expressed as normalized ratios: (F340/F380)/R0 for [Ca2�]cyto and (F560/F510)/R0

for[Ca2�]mito. R0 was calculated from basal ratio values for each individual cell respectively. Lower panels: zoom-in of upper panels showing which part was used
for calculating the slope of Ca2� increase. Following onset, each curve was fitted with linear regression (bold lines) to assess maximal slope of cytosolic and
mitochondrial [Ca2�] elevations. C, statistical evaluation of the Ca2� signals presented in panel B. Left panel: columns represent the maximal slopes of [Ca2�]cyto

(blue columns) and [Ca2�]mito (red columns) increases upon histamine stimulation in the absence (white columns, n � 18) or presence of thapsigargin pretreat-
ment (filled columns, n � 15). Middle panel: columns represent the average of maximum delta ratios in the absence (white columns) or prescence of thapsigargin
preincubation (filled columns). Cytosolic and mitochondrial [Ca2�] elevation in response to cell treatment with 100 �M histamine was defined as 100%,
respectively (B, left panel). Right panel: lag times in seconds between cytosolic and respective mitochondrial Ca2� rises in the absence of thapsigargin (white
column, n � 18) and upon pretreatment with thapsigargin (black column, n � 15). *, p 
 0.05 versus in the absence of thapsigargin (�Tg), #, p 
 0.05 versus
[Ca2�]cyto in the absence of thapsigargin (�Tg). D, representative temporal correlations between histamine-induced (100 �M) changes of [Ca2�]cyto (x axis) and
[Ca2�]mito (y axis) in the absence of thapsigargin (continuous line with open circles) and upon pretreatment with the SERCA inhibitor (dotted line with filled
circles).
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domains at ER-mitochondria contact sites were supposed to be
fundamental for the activation of the low Ca2� sensitive mito-
chondrial Ca2� uniport upon IP3-mediated ER Ca2� release
(32–34). In sophisticated studies the existence of such high
Ca2� micro-domains, also referred to as Ca2� hot spots, on
sites of mitochondrial Ca2� uptake has been recently demon-
strated (26, 35). Although we did not measure local Ca2� hot
spots, based on the clear effects of the SERCA activity on global
cytosolic Ca2� signals we reported herein, it is likely that an
acute deactivation of ER Ca2� pumps prior to or during the
activation of the IP3-mediated pathway also considerably
impedes the formation of such local Ca2� domains. In agree-
ment with this assumption, our data demonstrate that a loss of
SERCA activity in HeLa cells instantly increases a leak of Ca2�

from the ER resulting in a slow and moderate cytosolic Ca2�

elevation that is accompanied with a tiny but measurable
increase in [Ca2�]mito. Due to the slightly lower Ca

2� affinity of
the cameleon probe used for measuring [Ca2�]mito (1.53 �M,
(24)) than that of fura-2 (224 nM, (36)), the mitochondrial Ca2�

elevation upon thapsigargin might be underestimated. How-
ever, these data clearly show that despite the massive and pro-
nounced ER depletion and its associated slow, but considerable
cytosolic Ca2� elevation, mitochondrial Ca2� elevation
remains small. Accordingly, the ER Ca2� leakage might be
locally facilitated by neighboring mitochondria that sequester
and buffer the leaked Ca2� from the inter-organelle gap and,
thus, maintain the great Ca2� gradient. Consequently, such
phenomenon might result in an accelerated local ER Ca2�

depletion in ER regions that are in the vicinity of mitochondria.
Such scenariowould explain the decelerated cytosolicCa2� rise
in response to IP3-mediated Ca2� mobilization upon the short
preincubation with a SERCA inhibitor. Under such conditions,
the IP3-triggered formation of inter-organelle Ca2� hot spots is
hampered, thus, a mitochondrial Ca2� carrier such as UCP3
that,might require highCa2� domains to be activated due to its
low Ca2� sensitivity (19) is inactive.
In addition, the increased Ca2� leak from the ER upon

SERCA inhibitionmight per se impact the transfer of Ca2� into
mitochondria. Such a scenario is feasible, as it was shown that
an increased ER Ca2� leakage in cells expressing an inactive
truncated version of SERCA1 inhibited mitochondrial move-
ments and increased ER-mitochondria contact sites, which
consequently led to mitochondrial Ca2� overload (37). How-
ever, our data showed that the thapsigargin induced Ca2� leak
in HeLa cells is only slowly and moderately transferred into
mitochondria. Nevertheless, the increased Ca2� leak upon
SERCA inhibition might indeed affect the local organization

and architecture of ER-mitochondria contact sites and, thus,
the mode of mitochondrial Ca2� uptake (38–41). Notably,
using genetically encoded linker proteins that allowed a definite
tethering of the ER to mitochondria indicated that the distance
of the gap between both organelles is determent for the ability
of mitochondria to sense Ca2� hot spots upon ER Ca2� release
(42).
Irrespective of high local Ca2� signals at inter-organelle

junctions between mitochondria and the ER, mitochondria
have been shown to accomplish also the uptake of smooth,
moderate cytosolic Ca2� elevations (18, 32–34). The coexis-
tence of both rapid mitochondrial uptake of high Ca2� micro-
domains and mitochondrial Ca2� sequestration of global slow
rising Ca2� signals is consistent with our data presented in this
study. Moreover, our findings highlight a clear delay between
cytosolic and respective mitochondrial Ca2� signals, particu-
larly if the IP3-mediated cytosolic Ca2� elevation was deceler-
ated by SERCA inhibition. Accordingly, we assumed that the
slow and delayed mitochondrial Ca2� accumulation in the
presence of the SERCA inhibitor exhibits a specific mode of
Ca2� transfer across the IMM, which is distinct from mito-
chondrial Ca2� uptake during fast IP3-mediated ER Ca2�

release. This “slow” presumably highly sensitive type of mito-
chondrial Ca2� accumulation in the presence of thapsigargin
might be comparablewithmitochondrial uptake of Ca2� enter-
ing the cell via the SOCE pathway (19). Notably, it was shown
that mitochondria in HeLa cells are not exposed to Ca2� hot
spots in response to SOCE (26). These findings are also consist-
ent with our previous study using endothelial cells, which
showed a diffusion dependent and, hence, slow mode of mito-
chondrial Ca2� sequestration if Ca2� was mobilized via the
SOCE pathway (18). In this endothelial cell model we unveiled
that the slow mode of mitochondrial Ca2� sequestration upon
SOCE especially requires Letm1, while UCP2/3 contributed
exclusively to fastmitochondrial uptake of Ca2� that wasmobi-
lized via the IP3 pathway (16). These findings are in linewith the
observed switch of mitochondrial Ca2� uptake from an UCP3-
dependent to a Letm1-dependent mode upon SERCA inhibi-
tion in HeLa cells, we reported herein.
Letm1 as well as UCP2/3 were described to accomplish the

transfer of Ca2� intomitochondria, while their functioning and
contribution to mitochondrial Ca2� uptake is debated (6, 11,
21, 43, 44). Despite strong functional data, the concerns against
the idea that Letm1 and UCP2/3 indeed accomplish a transfer
of Ca2� across the IMM, are primarily based on the postulation
of a unique, ubiquitous Ca2� uniporter being a low sensitive
Ca2� channel protein that is activated exclusively by high Ca2�

FIGURE 2. Depending on the SERCA activity either UCP2/3 or Letm1 contribute to mitochondrial Ca2� uptake. A, representative recordings of [Ca2�]cyto

(blue) and [Ca2�]mito (red) in single individual HeLa cells transfected with siRNAs against UCP2/3. Cells were treated with 100 �M histamine alone (left panel) or
together with 1 �M thapsigargin (right panel). B, column statistics of histamine-evoked cytosolic (blue-bordered columns) and mitochondrial (red-bordered
columns) Ca2� signals in HeLa cells transfected either with scrambled siRNA (control, white columns) or with siRNA against UCP2/3 (UCP2/3, gray columns).
Experiments were performed in the absence (left panel, n � 18 for control and n � 19 for siUCP2/3) or in the presence of 1 �M thapsigargin pretreatment (right
panel, n � 15 for control and n � 17 for siUCP2/3). The delta maximum of normalized cytosolic and mitochondrial Ca2� signals were defined as 100% under
control conditions (i.e. cells transfected with scrambled siRNA as shown in Fig. 1C) both in the absence (left panel) and presence (right panel) of thapsigargin, *,
p 
 0.05 versus Control [Ca2�]mito C, simultaneous, representative recordings of [Ca2�]cyto (blue) and [Ca2�]mito (red) in HeLa cells transfected with siRNA
against Letm1. Ca2� signals were evoked with 100 �M histamine in the absence (left panel) or presence (right panel) of 1 �M thapsigargin. D, column
statistics of cytosolic and mitochondrial Ca2� signals in HeLa cells transfected with siRNA against Letm1 (gray columns) without thapsigargin (left panel,
n � 19) and upon pretreatment with thapsigargin (right panel, n � 17). White columns represent control conditions as indicated in panel B. *, p 
 0.05
versus Control [Ca2�]mito.
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signals. A recently identified protein of the IMM, referred to as
MCU, was shown to fulfill some of the criteria that have been
expected for a protein that accomplishes mitochondrial Ca2�

uniport (12, 13). In agreement with these landmark publica-
tions, siRNA-mediated knock-down of MCU attenuated mito-
chondrial Ca2� signals independently from the mode of Ca2�

mobilization in the present study. These observations indicate

thatMCU is activated over a large range of Ca2� concentration

and, hence, contributes to mitochondrial uptake of high and

low cellular Ca2� signals, which is, however, in disagreement

with the low Ca2� sensitivity of the mitochondrial Ca2�

uniport phenomenon (45, 46).

Notably, in several reports elimination of the mitochondrial

Ca2� buffering increases cytosolic Ca2� peak and accelerates

its decline (13, 47, 48). However, our findings are in agreement

with other reports using the same cell type (HeLa) (17, 49, 50)

where inhibition of mitochondrial Ca2� uptake failed or only

slightly affected cytosolic Ca2� elevation upon stimulation,

while the kinetics of decline remained unchanged. Accordingly,

these data may indicate that in the cell type used herein, mito-

chondria have a rather low Ca2� buffer capacity and do not

accumulate large proportions of released Ca2�, thus, resulting

in the lack of strong changes in cytosolic Ca2� signaling by

MCU knock-down.

The contribution of the MCU, to mitochondrial Ca2�

uptake was shown to be tightly regulated by an associated

protein, referred to as mitochondrial calcium uptake 1

(MICU1) (51) that, in contrast to MCU, has Ca2� binding

domains. Initially, it was reported that MICU1 facilitates

MCU-dependent mitochondrial Ca2� uptake in HeLa (51)

and clonal pancreatic beta-cells (25) but not endothelial cells

(16). However, in a very recent study a contrary function of

MICU1 in HeLa and endothelial cells acting as a gatekeeper

and, thus, preventing MCU-dependent mitochondrial Ca2�

loads was unveiled (52), thus, indicating that further studies

are necessary to understand the definite role of MICU1 in

the control of mitochondrial Ca2� uptake. Nevertheless, the

intricate regulation of theMCU activity byMICU1 and other

associated proteins such as the recently identifiedmitochon-

drial calcium uniporter regulator 1 (MCUR1) (53) might

explain why the MCU catalyzes mitochondrial Ca2� uptake

of both high and low Ca2� signals. From this point of view

our data might also indicate that depending on the SERCA

activity either UCP2/3 or Letm1 contribute tomitochondrial

Ca2� uptake by modulating the activity of MICU1, MCUR1,

and/or the MCU. This assumption is further supported by

our observation that a double knock-down of either MCU

and UCP2/3 or MCU and Letm1 did not further impact

mitochondrial Ca2� accumulation. The lack of any further

reduction of mitochondrial Ca2� uptake in MCU depleted

cells by an additional knock-down of either UCP2/3 or

Letm1 also suggest that these proteins might function as

upstream regulators of the MCU. However, whether or not

the remaining uptake under such conditions indicates a so

far unknown additional mitochondrial Ca2� carrier or is due

FIGURE 3. Transient knock-down of MCU results in a diminished mitochondrial Ca2� uptake independently from SERCA activity. A, representative
curves of [Ca2�]cyto (blue) and [Ca2�]mito (red) in HeLa cells transfected with siRNA against MCU that were treated with 100 �M histamine in the absence of
thapsigargin (left panel) and upon pretreatment with the SERCA inhibitor (right panel). B, column statistics of cytosolic (blue border columns) and mitochondrial
Ca2� (red-bordered columns) signals in control HeLa cells (white columns) and cells transfected with siRNA against MCU (gray columns) without thapsigargin (left
panel, n � 24) and upon pretreatment with thapsigargin (right panel, n � 14). White columns represent control conditions (defined as 100%) as indicated in Fig.
2. *, p 
 0.05 versus Control [Ca2�]mito. C, HeLa cells transfected with siRNA against Letm1 and MCU were stimulated with histamine in the absence (left panel,
n � 18) and presence (right panel, n � 14) of thapsigargin in experimental conditions indicated in panel A. D, HeLa cells transfected with siRNA against UCP2/3
and MCU were stimulated with histamine in the absence (left panel, n � 27) and presence (right panel, n � 14) of thapsigargin in experimental conditions
indicated in panel A.

FIGURE 4. SERCA inhibition during cell stimulation with an IP3-gener-
ating agonist enhances [Ca2�]cyto and [Ca2�]mito. Representative
curves demonstrating simultaneous measurement of [Ca2�]cyto (blue) and
[Ca2�]mito (red) in HeLa cells loaded with fura-2/AM and transiently trans-
fected with 4mtD1GO-Cam. A, cells were treated with 100 �M histamine
for 2 min before the addition of 1 �M thapsigargin in the absence of extra-
cellular Ca2�. B, cells were treated with 100 �M histamine for 2 min before
the addition of 1 �M thapsigargin in the presence of 2 mM Ca2� in the
extracellular medium.
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to incomplete diminution of the proteins by the siRNA
remains unclear.
The findings that SERCA inhibition abrogates the contri-

bution of UCP3 to mitochondrial Ca2� uptake in HeLa cells
was recently interpreted as an indication that UCP3 do not
accomplish mitochondrial Ca2� uniport or directly modu-
late a mitochondrial Ca2� channel (22). The authors sug-
gested that UCP3 reduces SERCA activity by limiting mito-
chondrial ATP generation, which increases the amount of
Ca2� at sites of mitochondrial Ca2� uptake. However such
interpretation is in contradiction to the reported lack of
uncoupling activity of UCP2/3 (54), findings that overex-
pression of UCP2/3 boosts mitochondrial ATP generation
upon Ca2� mobilization and UCP2/3 contributed to mito-
chondrial Ca2� uptake also under conditions in which mito-

chondrial ATP production was prevented (17).This is fur-
ther supported by the observation that silencing of UCP2/3
failed to hyperpolarize mitochondrial membrane potential
(supplemental Fig. S1) However, the present findings con-
firm the assumption of Demaurex’s group and demonstrate
that SERCA activity affects mitochondrial Ca2� uptake.

Overall the present study demonstrates that the inhibition of
SERCA affects the kinetics of IP3-triggered intracellular Ca2�

release, and, subsequently, shifts themode ofmitochondrial Ca2�

uptake from an UCP3- and MCU-dependent and Letm1-inde-
pendent toward a Letm1- and MCU-dependent but UCP3-inde-
pendent route (Fig. 6). These observations indicate that SERCA
activity is a crucial determinant for the mode of mitochondrial
Ca2� uptake and appoints which proteins of the IMM actually
contribute to the transfer of Ca2� into mitochondria.

Time (min)

Time (min)

FIGURE 5. SERCA inhibition during cell stimulation with histamine switches mitochondrial Ca2� uptake from being UCP2/3 and MCU dependent to an
UCP2/3 independent, but Letm1 and MCU-dependent mode. HeLa cells were either transfected with an inoperative Control siRNA (black curves and white
columns, n � 18), or siRNAs against UCP2 and UCP3 (green curves and green columns, n � 18), or Letm1 (brown curves and brown columns, n � 20) or MCU (orange
curves and orange columns, n � 19). A, average curves (left panel) and statistical data (right panel) of [Ca2�]mito signals measured with 4mtD1GO-Cam upon cell
treatment with 100 �M histamine and the subsequent addition of 1 �M thapsigargin in the presence of 2 mM Ca2�. *, p 
 0.05 versus respective Controls (B).
Respective cytosolic Ca2� curves (left panel) and statistical analysis of �max [Ca2�]cyto values (right panel) from Fura-2 signals of HeLa cells that were treated as
indicated in Fig. 1A.
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Abstract A protein referred to as CCDC109A and then

renamed to mitochondrial calcium uniporter (MCU) has

recently been shown to accomplish mitochondrial Ca2+ uptake

in different cell types. In this study, we investigated whole-

mitoplast inward cation currents and single Ca2+ channel

activities in mitoplasts prepared from stable MCU knockdown

HeLa cells using the patch-clamp technique. In whole-mitoplast

configuration, diminution ofMCU considerably reduced inward

Ca2+ and Na+ currents. This was accompanied by a decrease in

occurrence of single channel activity of the intermediate

conductance mitochondrial Ca2+ current (i-MCC). However,

ablation of MCU yielded a compensatory 2.3-fold elevation in

the occurrence of the extra large conductance mitochondrial

Ca2+ current (xl -MCC), while the occurrence of bursting

currents (b-MCC) remained unaltered. These data reveal

i-MCC as MCU-dependent current while xl-MCC and

b-MCC seem to be rather MCU-independent, thus, pointing to

the engagement of at least two molecularly distinct

mitochondrial Ca2+ channels.

Keywords MitochondrialCa2+channels .MitochondrialCa2+

uniporter . MCU . Ca2+ signaling

Introduction

Ca2+ uptake by mitochondria stimulates metabolic processes

and can also initiate cell death pathways (for review, see [5, 8]).

Accordingly, mitochondrial Ca2+ channels represent promising

molecular targets for future therapeutic modulation of

mitochondria functions. A precise understanding of the

molecular mechanisms of mitochondrial Ca2+ uptake,

molecular structure, and function of mitochondrial Ca2+

channels is required. Therefore, identification and

electrophysiological characterization of mitochondrial Ca2+

channels and especially pinpointing specific channel activity

to specific proteins will provide invaluable insight into actual

processes that accomplish mitochondrial Ca2+ uptake.

Although several proteins have been identified to

contribute to mitochondrial Ca2+ uptake, such like the

mitochondrial Ca2+ uptake 1 (MICU1) [18], uncoupling

proteins 2 and 3 [22, 23], ryanodine receptors [20, 21],

mitochondrial Ca2+ uniporter regulator 1 (MCUR1) [14],

and the canonical transient receptor potential 3 channel [6],

the mitochondrial Ca2+ uniporter, MCU, a transmembrane

protein in the inner mitochondrial membrane, has been

proposed to be dominantly responsible for mitochondrial

Ca2+ uptake [1, 4]. Recent advancement of the patch-clamp

approach using mitoplasts allowed to identify mitochondrial

Ca2+ uniport as a highly Ca2+-selective ion channel [13] that

was dependent on the presence ofMCU [3]. Moreover, MCU-

established currents were sensitive to ruthenium red, which

has been assumed to be a classic feature of the mitochondrial

Ca2+ uniport. A point mutation in the putative pore domain of

MCU decreased the sensitivity of the respective Ca2+ current

to ruthenium red without changing the current magnitude [3].

However, integral Ca2+ currents through whole mitoplasts

presented in the study of Chaudhuri et al. do not enable to

discriminate between contributions of different single channel

conductances [3]. Single channel recordings allowed to

characterize more than one ruthenium red-sensitive Ca2+

inward current in mitoplasts isolated from cardiac myocytes
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(mitochondrial Ca2+ currents 1 and 2; mCa1, mCa2) [17],

mitochondrial ryanodine receptor channel activity [21],

endothelial cells [small mitochondrial Ca2+ currents,

intermediate mitochondrial Ca2+ currents (i-MCC), and large

mitochondrial Ca2+ currents (l-MCC)] [9], and HeLa cells

[i-MCC and the extra large mitochondrial Ca2+ current

(xl-MCC)] [2, 9], thus challenging the concept of MCU being

the one and only Ca2+ channel in the inner mitochondrial

membrane. The present study was designed to characterize

the impact of MCU knockdown on different Ca2+ currents in

mitoplasts isolated from HeLa cells by applying

electrophysiological recordings in whole-mitoplast and

mitoplast-attached configurations. These experiments were

complemented with fluorescent mitochondrial Ca2+

measurements in the respective wild type and MCU

knockdown (MCU-KD) HeLa cells. We show that in

divalent-free conditions, Na+ readily permeates ruthenium

red (RuR)-sensitive Ca2+ channels and downregulation of

MCU protein results in suppression of whole-mitoplast

inward Na+ and Ca2+ currents and a decreased occurrence

probability of i -MCC that was associated with a partial

increase in occurrence of the xl-MCC [2].

Materials and methods

Design and production of stablyMCU knockdown HeLa cells

and their corresponding control cells

HeLa MCU-KD and HeLa control cells have been produced

upon request and supplied by TeBu-bio® (Tebu-bio SAS, Le

Perray-en-Yvelines Cedex, France). HeLa cells with stableMCU

knockdown and the respective scrambled control cells were

produced by applying the SilenciX® technology (Tebu-bio,

www.tebu-bio.com, Le Perray-en-Yvelines, France) using the

following 5′-3′shRNA sequence against MCU: GGTGCAA

TTTATCTTTATA.

Cell culture and isolation of mitochondria

All cells were grown on DMEM containing 10 % FCS,

50 U/ml penici l l in, and 50 μg/ml streptomycin.

Mitochondria were freshly isolated as previously described

[2]. Mitochondria were prepared from HeLa cells by

differential centrifugation. Cells were trypsinized,

harvested, and washed with PBS. The cell pellet was

suspended in a 200-mM sucrose buffer containing 10 mM

Tris-MOPS, 1 mM EGTA and protease inhibitor (1:50,

P8340 Sigma, Vienna, Austria) (pH adjusted to 7.4 with

TRIS), and homogenized with a glass–Teflon potter (40–50

strokes). Nuclear remnants and cell debris were centrifuged

down at 900 g for 10 min. The supernatant was centrifuged

at 3,000g for 20 min. The mitochondrial pellet was washed

and centrifuged down at 7,000g for 15 min. All fractions

were kept on ice until further utilization.

Preparation of mitoplasts

Isolation and preparation of mitoplasts (mitochondria devoid

of outer membrane) from HeLa cells was performed as

recently described [2]. Briefly, mitoplast formation was

achieved by incubation of isolated mitochondria in hypotonic

solution (5 mM HEPES, 5 mM sucrose, 1 mM EGTA, pH

adjusted to 7.4 with KOH) for 8 min. Then, hypertonic

solution (750 mM KCl, 80 mM HEPES, 1 mM EGTA, pH

adjusted to 7.4 with KOH) was added to restore isotonicity.

Mitoplast patch-clamp recordings

Single channel measurements were performed in the

mitoplast-attached configuration as previously described

[2, 9]. In brief, patch pipettes were pulled from glass

capillaries using a Narishige puller (Narishige Co., Ltd.,

Tokyo, Japan), fire-polished, and had a resistance of 8–

12 MΩ. Mitoplasts were bathed in the solution containing

(in millimolars): 145 KCl, 1 EGTA, HEPES, and pH adjusted

to 7.2 with KOH. For single channel recordings, the pipette

solution contained 105 mM CaCl2 and 10 mM HEPES,

10 μM cyclosporin A (Tocris Bioscience, Bristol, UK) and

10 μM 7-chloro-5-(2-chlorophenyl)-1,5-dihydro-4,1-

benzothiazepin-2(3H )-one (CGP 37157, Ascent Scientific

Ltd., Bristol, UK) to prevent opening of the permeability

transition pore, and the activity of the mitochondrial Na+/

Ca2+ exchanger (NCXmito), respectively. pH was adjusted to

7.2 with Ca(OH)2. Single channel currents were recorded at a

fixed holding potential indicated in the respective figures. For

whole-mitoplast recordings, pipette solution contained (in

millimolars): 120 Cs methanesulfonate, 30 CsCl, 1 EGTA,

110 sucrose, 2 gluconic acid, and pH by TEAOH to 7.2. For

obtaining whole-mitoplast configuration, voltage steps of

300–600 mV and 20–50 ms duration were applied. Voltage

ramps of 1 s duration from −160 to +50 mV were delivered

every 5 or 10 s from the holding potential 0 mV. Currents were

recorded using a patch-clamp amplifier (EPC7, List

Electronics, Darmstadt, Germany). Data collection was

performed using Clampex software of pClamp (V9.0,

Molecular Devices, Sunnyvale, CA, USA). Signals obtained

were low pass filtered at 1 kHz using an eight-pole Bessel

filter (Frequency Devices) and digitized with a sample rate of

10 kHz using a Digidata 1200A A/D converter (Molecular

Devices, Sunnyvale, CA, USA). All measurements were

performed at room temperature. For recording cationic

currents via whole mitoplasts, bath solution contained (in

millimolars): 150 TRIS HCl, 1 EGTA, 1 EDTA, 10 HEPES

with pH 7.2. For INa recording, NaCl was substituted for TRIS

HCl. Ca2+-containing bath solution for ICa recording
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contained (in millimolars): 140 TRIS HCl, 3 CaCl2, 10

HEPES, and pH 7.2

Single cell Ca2+ imaging and data acquisition

Imaging mitochondrial targeted cameleon 4mtD3cpv was

performed on a digital wide field imaging system, the Till

iMIC (Till Photonics Graefelfing, Germany) using a 40×

objective (alpha Plan Fluar 40×, Zeiss, Göttingen, Germany).

For illumination of the cameleon, an ultrafast switching

monochromator, the Polychrome V (Till Photonics), was used

for excitation light at 430 nm. Emission light was collected at

480 and 535 nm using a single beam splitter design

(Dichrotome, Till Photonics). Images were recorded with a

charged-coupled device camera (AVT Stringray F145B,

Allied Vision Technologies, Stadtroda, Germany). For the

data acquisition and the control of the digital fluorescence

microscope, the live acquisition software version 2.0.0.12

(Till Photonics) was used. Experiments were performed at

the same day than the isolation, purification, and

electrophysiological measurements of the respective

mitoplasts.

Experimental buffers for Ca2+ measurements

Ca2+ measurements in HeLa cells were performed by

stimulating cells in Ca2+-containing environment. Cells were

superfused by a Ca2+-containing buffer, which was composed

of (in millimolars): 138 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10

D-glucose and 10 HEPES, and pH adjusted to 7.4 with NaOH.

Stimulation was performed using 100 μM of the IP3-

generating agonist histamine.

Western blot

HeLa cells that were washed with ice-cold PBS or isolated

mitochondria were lysed with RIPA buffer containing

protease inhibitor cocktail (Sigma-Aldrich, Vienna, Austria).

The protein concentration was measured using the BCA

protein assay (Thermo Fisher Scientific Inc., Vienna, Austria).

Forty micrograms of protein were separated by SDS-PAGE

and transferred to a nitrocellulose membrane. The membrane

was incubated with the primary antibody at 4 °C overnight

and the primary antigen–antibody complex was detected by

incubating the blot with a horseradish peroxidase-conjugated

secondary antibody at room temperature for 2 h. The

membrane was further developed with the ECL Plus Western

blotting detection system (GE Healthcare, Vienna, Austria).

To control the equal amount of protein loading of whole

cell lysates and isolated mitochondria, MCU expression

(sc-246071; Santa Cruz, Vienna, Austria) were densitometrically

normalized to β-actin (sc-47778; Santa Cruz) and VDAC

(sc-32063 and sc-32059; Santa Cruz), respectively.

Real-time PCR

RNA was isolated from HeLa cells using a Total RNA

isolation kit (PEQLAB Biotechnologie GmbH, Erlangen,

Germany), and it was reverse transcribed using a High

Capacity cDNA Reverse Transcription Kit (Applied

Biosystems, USA). The analysis of the expression of the

target genes was performed by conventional polymerase

chain reaction (PCR) using GoTaq Green master mix

(Promega, Madison, WI, USA) and real-time PCR using

QuantiFast SYBR Green RT-PCR kit (Qiagen, Hilden,

Germany) on LightCycler 480 (Roche Diagnostics, Vienna,

Austria). RNA polymerase II (RPOL2) was used as a

housekeeping control [12, 16, 24]. Primers for RPOL2

and MCU were obtained from Invitrogen (Vienna, Austria)

and their sequences (5′–3′) were as follows: RPOL2:

CATTGACTTGCGTTTCCACC , RPOL2 r e v :

A C A T T T T G T G C A G A G T T G G C , M C U :

TTCCTGGCAGAATTTGGGAG, and MCU rev:

AGAGATAGGCTTGAGTGTGAAC.

Statistical analysis

The occurrence probability was calculated as a fraction of

patches displayed specific channel activity relative either to

the total number of patches studied or the number of active

patches displayed any type of the channel activity. Single

channel analysis was performed using Clampfit 9.2

(Molecular Devices, Sunnyvale, CA, USA). Data are

expressed as means with standard error. Statistical

comparisons were conducted with a two-tailed unpaired t test.

Values of p <0.05 (*) were taken as statistically significant.

Statistical analysis was performed by Graph Pad Software

version 5.01 (La Jolla, CA, USA).

Results

Stably knockdown of MCU strongly reduced mitochondrial

Ca2+ sequestration in intact HeLa cells

Diminution in MCU gene expression by stably expression

of the respective shRNA in HeLa cells (MCU-KD cells)

was confirmed by quantitative real-time PCR. In MCU-KD

cells, the level of MCU mRNA expression was significantly

depressed and amounted 36±10 % (n =3, p <0.005) of the

level detected in control cells (Fig.1a). Hence, Western blot

analysis revealed that the cellular MCU protein content was

attenuated to 33±6 % (n =2, p <0.08) of the level detected in

control cells (Fig.1b). In line with these findings, in MCU-

KD cells, histamine-induced mitochondrial Ca2+ elevation

was reduced to 19 % of the level attained in control cells

(Fig.1c, d).
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Knockdown of MCU strongly reduced whole-mitoplast Ca+

currents

In whole-mitoplast configuration, switching from Ca2+-free to

Ca2+-containing (3 mM) solution during voltage ramps from

−160 to +50 mV resulted in an inward current at negative

potentials (Fig.2a) that was sensitive to RuR (Fig.2b, c). In

mitochondria isolated from MCU-KD cells, the current

elicited by Ca2+ addition was strongly reduced (Fig.2d) to

17 % of the level attained in control cells, while it remained

sensitive to RuR (Fig.2e, f). In control group, at −155 mV, the

Ca2+ current amplitude averaged −251.4±55.8 pA (n =11),

while in mitoplasts isolated from MCU-KD cells, the current

averaged −43.5±18.4 pA (n =5) (Fig.2g). These results are

very similar to that published very recently by the group of

Clapham [3] and demonstrate that diminution of MCU results

in a pronounced suppress ion of RuR-sens i t ive

transmitochondrial inward ICa accompanied by potent

reduction of intramitochondrial Ca2+ rise in intact cells

exposed to supramaximal concentrations of histamine

(Fig.1c).

Diminution of MCU strongly reduced whole-mitoplast Na+

currents in the absence of Ca2+

In whole-mitoplast configuration, switching from Na+-free to

Na+-containing divalent-free solution resulted in a

development of a pronounced inward current at negative

potentials (Fig.3a). The current amplitude was a function of

the applied membrane voltage. A mean current amplitude at

−155 mV averaged 706±142 pA (n =8). The current rapidly

terminated upon removal of bath Na+ and was inhibited by

10μMRuR (Fig.3a–c). These observations indicate that in the

absence of Ca2+, external Na+ readily permeates the RuR-

sensitive channel(s), and the amplitude of transmitochondrial

Na+ current (INa) is higher than that generated by Ca
2+ influx,

an observation that is in line with previous studies [7, 13].

Stable knockdown of MCU resulted in a marked

suppression of whole-mitoplast inward Na+ current (INa)

elicited by voltage ramps to 170.4±21.0 pA (n =8) that equals

a reduction by 76 % (Fig.3d–g). These results demonstrate

that MCU downregulation results in a pronounced

suppression of transmitochondrial inward RuR-sensitive INa.

Fig. 1 MCU knockdown impairs

intramitochondrial Ca2+ rise

during cell stimulation. a Relative

RNA expression of control and

MCU-KD cells, b MCU protein

expression in control and MCU-

KD cells. Representative bands

for MCU and VDAC protein

expression. c Averaged traces of

mitochondrial Ca2+ signals upon

stimulation with 100 μM

histamine of intact control HeLa

cell (black trace , n =13 cells from

three coverslips) and MCU-KD

HeLa cells (gray trace , n=16

cells from three coverslips).

Mitochondrial Ca2+ signals were

measured using cells expressing

4mtD3cpv. d Quantitative

expression of intramitochondrial

Ca2+ rise during cell stimulation

with 100 μM histamine in MCU-

KD cells relative to the rise in

control cells
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Stable knockdown of MCU reduces the occurrence of active

single channels per patch

We next characterized the probability of occurrence of any

single channel activities of mitochondrial Ca2+ channels in the

mitoplast-attached configuration [2] under conditions of

MCU knockdown. Among 67 patches tested in mitochondrial

from MCU-KD cells, only 35 patches displayed single

channel activity, providing 52 % occurrence. In mitoplasts

isolated from control cells, single channel activity was

detected more frequently in 71 out of 103 patches tested,

providing an occurrence probability of 69 %. For statistical

processing, we analyzed the occurrence probability of the

channel activity for each individual experimental day and

calculated the mean values and statistics out of the individual

values from all experimental days (ND). In the control group,

the occurrence probability of single channel activities

amounted 71±6 % (ND=32), while in MCU-KD group, the

occurrence probability of single channel activities was

significantly (p <0.05) less and averaged 47±8.0 %

(ND=13). Similar to mitoplasts from control group, in

mitoplasts isolated from MCU-KD cells, we observed all

three types of the channel activities described by us earlier [2].

Stable knockdown of MCU reduces the occurrence of i-MCC

We next analyzed the proportion of each individual channel

activity in the total number of patches tested and to the number

of active patches, which would give an indication on the

density of individual channel type in the overall population

of Ca2+ channels.

In mitochondria isolated from control cells, the most

predominant channel was the 11 pS channel (intermediate

conductance mitoplast Ca2+ channel, i-MCC) [2]. Exemplary

traces of this type of activity in control and MCU-KD

mitoplasts occasionally interrupted with bursting activity are

depicted in Fig. 4a, b, respectively. Under control conditions,

i -MCC activity was observed in 43 out of 103 patches tested

Fig. 2 MCU knockdown suppresses whole-mitoplast Ca2+ current. a

Exemplary time course of the whole-mitoplast current at −155 mV before

and after addition of 3 mM Ca2+ followed by addition of 10 μM RuR

(n =4). Recording from mitoplast isolated from control cells. Voltage

ramps were applied every 10 s. b Corresponding Ca2+ current responses

to voltage ramps before and after addition of 10 μMRuR in the presence

of 3 mM Ca2. c Net ICa obtained after subtraction of RuR-insensitive

current. d Representative time course of whole-mitoplast currents at

−155 mV induced by addition of 3 mM Ca2+ to the bath followed by

addition of 10 μM RuR. Recoding from mitoplast isolated from MCU-

KD cells. Voltage ramps were applied every 5 s. e Corresponding Ca2+

current responses to voltage ramps before and after addition of 10 μM

RuR in the presence of 3 mM Ca2+ (n =3). f Net ICa obtained after

subtraction of RuR-insensitive current. g Mean amplitudes of

mitochondrial Ca from control (n =11) and MCU-KD (n =5) mitoplasts
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(occurrence probability 42±7 %, ND=29) (Fig.4c) and its

individual contribution to active channels (n =71) was 61±

8 % (Fig.4d). In mitochondria from MCU-KD cells, the

occurrence probability of this channel was strongly reduced

compared to controls: the i -MCC channel activity was

detected in 11 out of 67 patches tested (occurrence probability

14±6 %, ND=11) (Fig.4c) and its individual contribution to

active channels (n =35) was 28±12 % (Fig.4d). In MCU-KD

group, the i-MCC conductance (11.5±0.5 pS, n =6) was not

different from that observed in mitoplasts isolated from

control cells (11.9±0.6 pS, n =15). Gating characteristics of

i -MCC were slightly affected by MCU knockdown and

revealed a tendency for reduced open probability (NPo) and

mean open time (Tomean) while mean closed time (Tcmean) was

prolonged (Table 1).

Stable knockdown of MCU had no effect on the occurrence

of the b-MCC

Similar to mitoplasts isolated from control cells (Fig.5a), the

second type of the channel activity studied in mitoplasts isolated

from MCU-KD cells was the bursting activity (Fig.5b).

According to our previous reports, we refer to this channel as

bursting mitochondrial Ca2+ channel (b-MCC) [2]. Neither

occurrence nor conductance of b -MCC was altered in

mitochondria isolated fromMCU-KD cells. In control cells, this

channel was observed in 23 out of 103 patches tested. The

probability of occurrence of this channel activity was 25±6 %

(ND=32) in control group and 23±9 % (ND=13) in the MCU-

KD group in respect to all patches tested (Fig.5c). Within

mitoplasts from MCU-KD cells, the b -MCC activity was

Fig. 3 MCU knockdown suppresses whole-mitoplast Na+ current. a

Exemplary time course of the whole-mitoplast current recorded from

mitoplast isolated from control cells (n =8) at −155 mV. The current

was elicited by replacement of bath TRIS for Na+ in divalent-free

conditions and was measured during voltage ramps applied every 10 s.

b Corresponding current responses to voltage ramps before (Na+ free)

and after addition of 150 mM Na+ either alone or in the presence of

10 μM RuR. c Net INa(Control) obtained after subtraction of the

background current obtained in Na+ and divalent-free solution. d

Representative time course of the whole-mitoplast current recorded from

the mitoplast isolated from MCU-KD cells (n =8) and measured at

−155 mV during voltage ramps applied every 10 s before and after

replacement of bath TRIS for Na+ in divalent-free solution (n =8). e

Corresponding current responses to voltage ramps before (Na+ free) and

after application of 150 mM Na+ to MCU-KD mitoplast. f Net INa (MCU-

KD) obtained after subtraction of background current. g Mean amplitudes

of mitochondrial INa from control and MCU-KD groups

1416 Pflugers Arch - Eur J Physiol (2014) 466:1411–1420



detected in 16 out of 67 patches tested (35 active patches) and the

occurrence probability in respect to active patches was slightly

higher (45±13 %, ND=11) compared to the control group (33±

7 %, ND=29) (Fig.5d). In mitoplasts isolated from control cells,

mean conductance of b-MCC channel was 25.7±1.3 pS (n=8),

and in MCU-KD mitoplasts, the channel conductance was

unaltered and averaged 26.0±1.8 pS (n=9) (Table 1).

Stable knockdown of MCU increased the occurrence

of the xl-MCC

Both in control (Fig.6a) and MCU-KD group (Fig.6b), we also

identified a third type of activity that we define as xl-MCC

[2, 9]. In the control HeLa cells, xl-MCC conductance was

74.8±7.9 pS (n =8), thus, comparable to that previously

reported [2]. Diminution of MCU did not affect significantly

(p >0.05) xl-MCC conductance 70.7±5.9 pS (n =6) (Table 1).

Remarkably, in the control group, this type of activity was the

least frequent and was observed in 8 out of 103 patches tested,

while in MCU-KDmitoplasts, this type of channel activity was

observed in 10 out of 67 patches tested. The occurrence

probability of this channel in respect to all patches studied

was 6±2 % (ND=32) in the control group and 13±5 %

(ND=13) in MCU-KD group, indicating a 2.3-fold increase in

the occurrence probability of xl-MCC in MCU-KD mitoplasts

(Fig.6c). When compared with respect to the number of active

patches, the occurrence probability of xl-MCC in theMCU-KD

group showed 4.3-fold increase from 9±4 % (ND=29) in the

controls to 38±14% (ND=11) in theMCU-KD group (Fig.6d).

Gating characteristics of xl-MCC were also affected by MCU

knockdown and revealed a significant reduction in NPo,

Tomean, while Tcmean was not significantly altered (Table 1).

Fig. 4 The occurrence

probability of i-MCC channel is

largely decreased in the inner

mitochondria membrane from

MCU-KD HeLa cells. a

Representative single channel

recording of i-MCC activity

interrupted with b-MCC at a

holding voltage of −130 mV in

mitoplast isolated from control

cells. b Representative recording

of i-MCC interrupted with b-

MCC at a holding voltage of

−130 mV in mitoplast isolated

from MCU-KD cells. c Bars

represent the occurrence of i-

MCC activity in mitoplasts from

control and MCU-KD HeLa cells

in respect to the total number of

patches tested. d The same as in c

but in respect to the number of

active patches with any MCC

activity

Table 1 The effect of MCU

knockdown on gating

characteristics of mitochondrial

Ca2+ currents (i-MCC and xl-

MCC)

Conductance (pS) NPo Tomean (ms) Tcmean (ms) n

i-MCC control 11.9±0.5 0.60±0.13 3.4±0.5 14.2±2.1 15

i-MCC MCU-KD 11.5±0.6 0.36±0.05 4.6±0.8 17.3±2.3 6

p value 0.70 0.26 0.17 0.42

b-MCC control 25.7±1.3 0.39±0.08 2.7±0.4 27.7±4.9 8

b-MCC MCU-KD 26.0±1.8 0.40±0.13 1.6±0.3* 12.5±2.6* 9

p value 0.89 0.98 0.04 0.01

xl-MCC control 74.8±7.9 0.74±0.08 31.2±5.0 50.0±14.4 6

xl-MCC MCU-KD 70.7±5.9 0.40±0.14* 12.1±1.6* 44.7±16.1 6

p value 0.690 0.002 0.006 0.248
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Discussion

MCU has recently been identified as the ion-conducting pore

in the mitochondrial inner membrane [1, 4]. However, several

other studies have pointed for alternative putative channels/

carriers for mitochondrial Ca2+ influx including mitochondrial

ryanodine receptors [20, 21], the Ca2+/H+ antiporter leucine

zipper EF hand-containing transmembrane protein 1 [10, 11,

25], the uncoupling proteins 2 and 3 [22, 23, 26], and the

canonical transient receptor potential 3 channel [6]. Moreover,

so far, two regulator proteins for mitochondrial Ca2+ uptake,

the MICU1 [15, 18] and the MCUR1 [14], have been

Fig. 5 MCU knockdown does

not affect the occurrence

probability of b-MCC. a

Representative single channel

recording of b-MCC activity at a

holding voltage −100 mV in

mitoplast isolated from control

cells. b Representative b-MCC

recording from mitoplast isolated

from MCU-KD HeLa cells. c

Bars represent the occurrence of

b-MCC activity in mitoplasts

from control and MCU-KD HeLa

cells in respect to the total number

of patches. d The same as in c but

in respect to the number of active

patches with any MCC activity

Fig. 6 Effect of MCU

knockdown on the occurrence of

xl-MCC activity. a and b

Representative single channel

recording of xl-MCC activity at a

holding voltage −100 mV in

mitoplasts isolated from control

(a) and MCU-KD cells (b). c

Bars represent the occurrence of

xl-MCC activity in mitoplasts

from control and MCU-KD HeLa

cells in respect to the total number

of patches tested. d The same as in

(c) but in respect to the number of

active patches with any MCC

activity
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described, thus supporting the concept of a multiprotein

complex being responsible to establish the mitochondrial

Ca2+ uniporter phenomenon [8, 19]. While single channel

measurements of mitochondrial Ca2+ channels in the

mitoplast-attached configuration recently confirmed the

existence of multiple mitochondrial Ca2+ entry pathways [2,

9, 17, 21], the actual proteins that account for the individual

channels are unknown. Therefore, in the present study, we

explored the effect of MCU knockdown on the occurrence

probability of distinct types of single channel activities in the

inner mitochondria membrane of HeLa cells and the

amplitude of whole-mitoplast inward Ca2+ and Na+ currents.

In whole-mitoplast configuration, diminution of MCU

considerably reduced the inward Ca2+ current, an observation

similar to that published previously [3]. Applying voltage

ramps in divalent-free conditions produced a development of

a linear inward current upon switching from Na+-free to Na+-

containing solution. The current was sensitive to ruthenium

red and had higher amplitude than the current developed when

Ca2+ was added to the bath in the absence of Na+, indicating

that in the absence of Ca2+, the channels permeate Na+, an

observation consistent with the previous ones [7, 13].We used

this intrinsic property of mitochondrial Ca2+ permeable

channel(s) to better discriminate the consequences of MCU

silencing on electrical signaling of mitoplasts. Here, we show

tha t MCU knockdown e f f e c t i v e l y supp r e s s e s

transmitochondrial currents carried by Ca2+ and Na+. The

degree of ICa and INa suppression upon MCU knockdown

corresponded well to the degree of suppression of

mitochondrial Ca2+ accumulation in intact cells upon

histamine exposure. These findings confirm a very recent

report that describes a large reduction of ruthenium red-

sensitive whole-mitoplast currents of HEK293 cells with

RNAi-mediated knockdown of the MCU [3].

In addition to the evaluation on the knockdown of MCU on

ruthenium red-sensitive whole-mitoplast currents, we also

explored whether MCU knockdown affects the occurrence

probability of the individual and distinct single channel

activities previously reported in HeLa mitoplast [2]. We found

that the occurrence probability of active patches has been

largely reduced in MCU-KD mitoplasts, thus supporting the

concept of MCU being the main conducting pore of

mitochondrial Ca2+ currents. However, we found that this

reduction is mostly due to reduced occurrence probability of

i-MCC channel that represents one (i.e., i-MCC; app. 14.3 pS)

[9] out of three Ca2+ currents (i-MCC, b-MCC, and xl-MCC)

in mitoplasts isolated from HeLa cells [2]. Although it was

shown that purified MCU shows channel activity in lipid

bilayers where under symmetrical 100 mM Ca2+ conditions

the channel conductance was reported to be 6–7 pS [4], one can

speculate that in its natural environment and under

asymmetrical Ca2+ conditions, the MCU conductance may

differ, possibly due to the formation of hetero-multimers. This

assumption is in line with other reports on native mitoplasts

isolated from cardiac myocytes and endothelial cells where two

different channels with the conductance of app.13-14 and

7–8 pS have been discriminated under asymmetrical Ca2+

conditions [9, 17]. Accordingly, the selective decrease in

occurrence probability of i-MCC upon MCU knockdown

observed in the present study suggests that this type of activity

is indicative for the MCU-established current.

The other observation of the present study is that MCU

knockdown yielded an increased occurrence probability of xl-

MCC channel activity in respect to active channels. This

observation indicates that xl-MCC (app. 74–77 pS) [2, 9] is

independent from the presence of MCU protein and

mitochondrial Ca2+ channels other that MCU play a

compensatory role under functional MCU diminution.

Notably, our statistical analysis regarding the individual gating

characteristics of i-MCC and xl-MCC revealed a decrease in

the mean NPo and Tomean of both channels in mitoplasts from

MCU-KD cells. However, in view of the rather large variances

in these measurements, caution is necessary in the

interpretation of these changes. Nevertheless, these data

further support the concept of a rather complex mitochondrial

Ca2+ uptake machinery that might consist from MCU-

dependent and MCU-independent pathways that are

functionally interrelated to meet the versatile Ca2+ demand

of the organelle under different conditions of high and low

metabolic and ion fluxes.

It is still unclear whether b -MCC and xl-MCC represent

distinct or the same channel protein. However, because of

observation that b -MCC could turn into xl-MCC activity, it

is reasonable to suggest that a single channel pore protein

accomplishes two distinct activities. Because the pipette

solution for single channel recordings in the present study

contained CGP37157, an inhibitor of NCXmito, which

partially inhibits pH-dependent Ca2+ transport (Letm1), and

because xl-MCC is a channel, mitochondrial Na+/Ca2+

exchanger(s) and Letm1 can be excluded from being

responsible for xl -MCC current. Thus, further studies are

needed to identify the molecular player(s) governing the xl-

MCC activity.

Overall, the present study addressed the role of MCU in

transmitochondrial Ca2+ fluxes using the direct patch-clamp

approach on mitoplasts isolated from HeLa cells with

diminished MCU expression and respective controls. Our

current study shows that MCU knockdown results in a strong

decrease in whole-mitoplast current and the number of active

patches with Ca2+ channel behavior. Notably, this decrease is

exclusively due to a decrease in the number of active recently

identified i -MCC but not b -MCC or xl-MCC of which the

latter one seems to play a compensatory role under conditions

of MCU knockdown. Nevertheless, as gating characteristics

for i-MCC and xl-MCC were affected by diminution of

MCU, our findings point to a modulatory interaction between
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the two independent Ca2+ currents the nature of which awaits

to be identified.
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