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ABSTRACT 

Ca2+ control mechanisms employed by the cell at the plasma membrane 

include receptor operated, voltage-sensitive, and store operated channels for 

Ca2+ import.  Upon entry into the cytosol, Ca2+ is sequestered by Ca2+ binding 

proteins, the endoplasmic reticulum (ER), or by mitochondria.  The largest Ca2+ 

store in the cell is the ER where Ca2+ levels approach millimolar levels.  The ER 

regulates cytosolic Ca2+ homeostasis by using Ca2+ binding proteins, the SERCA 

pump, second messenger Ca2+ release upon IP3 receptor activation, and Ca2+-

induced Ca2+ release by ryanodine receptors.  Basal cytosolic Ca2+ levels are 

maintained at around 100nM. The mitochondria begins clearing GPRC-depended 

cytosolic Ca2+elevation after a short time delay during which the cytosolic Ca2+ 

concentration exceeds 3M. Then, the mitochondria sacrifices a portion of its 

membrane potential to drive Ca2+ influx across the mitochondrial inner membrane 

into the matrix.  The membrane potential of the mitochondria is created in part by 

the electron transport, which while transferring electrons, ejects protons from the 

matrix to the inner membrane space.  The rapid mitochondrial Ca2+ uptake 

decreases mitochondrial membrane potential thus reducing or fully collapsing the 

mitochondria’s ability to generate ATP.  This uncoupling of the electron transport 

chain results in ROS production and decreased cell survival.  

Mitochondria provide the body with energy that allows a heart to beat, a 

brain to store memories, and fuels locomotive function.  As a stand-alone energy 

generator, the mitochondria would be interesting, but not dynamic.  The dynamic 

flow of information to the mitochondria through Ca2+ signaling with all the 
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components of symbiotic precision is a true biological phenomenon. In the 

mitochondria, a complex Ca2+ buffering system of channels, pores, and 

exchangers directly affects the conversion of chemical potential to ATP.  Recent, 

discoveries of the Ca2+ uniporter (MCU) and other system components have 

provided the tools to tackle levels of mitochondrion physiologic studies that were 

not possible only a couple of years ago. There remains a great need for 

advancement in the understanding of mitochondrial bioenergetics, and 

undoubtedly, the mitochondria will be viewed as a determinant factor for survival.   

The mitochondrial inner membrane through its curious construction of 3:1 

protein to lipid ratio, carefully regulates the permeability of ions and metabolites. 

The transport of Ca2+ and other small ions across the inner membrane is an 

essential signaling pathway for mitochondrial maintenance of metabolic 

functions, but the mechanisms are still unclear due to a lack of mitochondrial 

systems biology. For example, the oligomeric MCU with two transmembrane 

domains is a core component of the major Ca2+ import pathway in mitochondria, 

and ablation of MCU lowers mitochondrial Ca2+ uptake, however portions such 

as the highly conserved linker between the two transmembrane was unstudied 

until recently. Other complex components such as MICU1 and MCUR1, which 

negatively and positively regulate MCU, are beginning to have their mechanism 

solved.  MICU1 is associated with the mitochondrial inner membrane and has 

two EF hands, which indicated a possible role in Ca2+ sensing. This role as a 

Ca2+ sensor proved to be necessary for proper MICU1 inhibition of MCU, but not 

determinant of MICU1/MCU interaction.    
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MICU1, MCUR1, and MCU are modified in numerous diseases in which a 

particular component is disproportionately expressed.  This is in part due to the 

classical coupling of gene function to associated transcription factor meaning that 

because MICU1, MCUR1, and MCU have a Ca2+ flux function, their transcription 

is also probably controlled by Ca2+ and is altered in chronic inflammation or 

hypoxic systems such as Ca2+ overload during ischemia/reperfusion. In spite of 

the low affinity of uniporter, mitochondrial Ca2+ overload occurs due to the close 

proximity of mitochondria to the ER, however physical tethering of the 

mitochondria and ER is still not widely accepted.   

When Ca2+ is physiologically cleared from the cytosol to the mitochondria, 

it acts as a synchronizing signal to the numerous EF hands present on inner 

membrane transmembrane proteins and matrix-targeted proteins.  . 

Synchronization of mitochondrial activities is critical for efficiency which has 

direct implication for both cell growth or damage through the byproduct of 

inefficiency, mROS (superoxide). Therefore, the EF hands and other Ca2+ 

response elements enhance the ratio of ATP to superoxide, thus supporting 

mitogenic function and healthy growth. The inefficient flow of energy leads to 

dysfunction such as the release of reactive oxygen species (ROS) from the 

mitochondria.  ROS carries its own energy in the chemical form of a radical.  This 

translates into thermodynamically favorable but harmful cellular damage. 

Sustained import of Ca2+ results in electron transport malfunction followed by loss 

of membrane potential as seen in ischemia.   
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A common EF hand motif exists on many calcium sensitive proteins.  This 

helix-loop-helix topology recognizes a specific range of calcium concentrations 

based on the primary and tertiary structure of the domain.  Thus, not all EF 

hands are active at a given physiological Ca2+ concentrations.  The Ca2+ is 

situated in the loop portion by 12 key interactions in a pentagonal bipyramidal 

geometry.  The position of 12th residue supplies two of the interacting oxygen 

atoms for Ca2+ binding and are conserved as either Glutamate or Aspartate. EF-

hand containing proteins do not necessarily transport Ca2+ alone, as many other 

solutes have also been reported. The EF hand motif can be found on many 

mitochondrial sensors including LETM-1, MICU1, and non- Ca2+ transporters 

(Nakayama, Moncrief et al. 1992), suggesting Ca2+ is often the synchronizing 

signaling molecule but not necessarily transported by the mitochondrial channel 

of interest.    

The discovery of the uniporter (MCU) is an exciting event in the field, as 

many relationships between different transport mechanisms affecting Ca2+ and 

membrane potential will be elucidated.  One such relationship that should be 

explored is between the uniporter and inorganic phosphate exchange.  This 

relationship may modulate cell death through a critical uptake dynamic between 

adenine, phosphate and Ca2+ through alternative pathways such as solute 

carriers.     

 Mitochondrial carriers are crucial for transport across the inner 

membrane. There are two groups of Ca2+ binding solute carriers in the 

mitochondria, the aspartate/glutamate carriers (Palmieri, Pardo et al. 2001) and 
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the ATP-magnesium carriers (SCaMC) (Satrustegui, Pardo et al. 2007).  Carrier 

proteins transport molecules by changing shape and therefore can be saturated.  

Solute carrier activators have been previously reported to include Ca2+, 

adenosine 3’5’-cyclic monophosphate, protein kinases, and inositol 

polyphosphates (Dransfield and Aprille 1993).  Other previous work has also 

reported transport of multiple different solutes (Fiermonte, De Leonardis et al. 

2004).  The higher eukaryote, vertebrate calcium systems, should functionally if 

not physically interact with conserved lower eukaryote systems such as solute 

carriers.   

All known mitochondrial carriers are members of the same family based 

on three tandem repeats and are predicted to function as oligomers.  The human 

family of these inner mitochondrial membrane proteins is SLC25, and members 

of the SLC25 family have been identified as the cause of Stanley Syndrome and 

Amish Microcephaly suggesting the importance of SLC25.  SLC25A23 has been 

proposed to be an ATP-Mg/Pi exchange carrier that allows for both uptake and 

release of ATP-Mg from mitochondria. As a putative ADP/Pi translocase, it is an 

interesting component as both ADP and Pi have been shown to play a role in cell 

survival and cell death.  This SLC25A family member is likely to be the critical 

regulator of these two dynamic molecules. These carriers are stimulated by 

submicromolar Ca2+ to regulate adenine nucleotide levels in the cytosol and 

mitochondria. Previous literature has shown SLC25A25 knockout to have little 

effect on mouse metabolism.  SLC25A24 has been shown to be involved in 

ADP/ATP ratios in the mitochondrial matrix resulting in cytosolic Ca2+ buffering 
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enhancement (21). The functions of SLC25A23 largely remain unknown.  It 

should be pointed out that SLC25A23, SLC25A24, and SLC25A25, Ca2+ induced 

changes, are not necessarily based on Ca2+ as a channel solute.   

The ATP/ADP maintained by SLC25 family members may contribute to 

Ca2+ uptake in the mitochondria and therefore may play a role in cell death 

through PTP opening. PTP opening is a point of convergence for many cell death 

pathways. The PTP, which behaves as a voltage-operated channel, can be 

triggered to open by high mitochondrial Ca2+, ROS, or low membrane potential. 

In previous studies, SLC25A24 knockdown resulted in increased PTP opening 

and decreased Ca2+ buffering. 

Solute carrier family 25 (mitochondrial carrier; phosphate carrier), which 

includes SLC25A23, SLC25A24, and SLC25A25, transport  solutes across the 

inner membrane, are predicted to form six transmembrane domains sensitive to 

Ca2+ due to four Ca2+ binding EF hand motifs, and localize to the mitochondria 

(del Arco and Satrustegui 1998; Iijima, Yamamoto et al. 2001). Based on 

membrane topology predictions, SLC25 isoforms contain six transmembrane 

domains with several EF hand motifs.  Although the solute carriers in the SCaMC 

family have been hypothesized to transport adenine, (Aprille 1988) they have 

never been fully characterized.  Mitochondrial solute carriers are found only in 

eukaryotes (Carafoli and Lehninger 1971; Uribe, Rangel et al. 1992; Palmieri 

2004), however Sal1 in yeast has high sequence homology (Kucejova, Li et al. 

2008).  SLC25A25 knockout was reported to have little effects on mouse 

metabolism.  SLC25A24 has been shown to be involved in ADP/ATP ratios in the 
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mitochondrial matrix resulting in cytosolic Ca2+ buffering enhancement (Traba, 

Del Arco et al. 2011). The functions of these solute carriers in mitochondrial Ca2+ 

uptake and mitochondrial ROS are largely unknown.   
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INTRODUCTION 
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Ca2+ signals in the mitochondria regulate key cellular functions such as 

energy production and cell death. The transport of Ca2+ across the inner 

mitochondrial membrane is an essential signaling pathway for cellular metabolic 

functions. Although basal cytosolic Ca2+ levels are maintained at ~100 nM, upon 

agonist-induced cytosolic Ca2+ rise, Ca2+ is sequestered by Ca2+ binding 

proteins, the endoplasmic reticulum (ER), and by mitochondria which are noted 

to accumulate large amounts of Ca2+ (Nicholls, 2005; Rizzuto et al., 2012). 

Although the mitochondrial Ca2+ uniporter (MCU) has low affinity, mitochondrial 

Ca2+ overload can occur during times of stress, because mitochondria are in 

close proximity to the ER (Rizzuto et al., 1998; Rizzuto et al., 2004). In addition to 

the discovery of mitochondrial Ca2+ uniporter (MCU) (Baughman et al., 2011; De 

Stefani et al., 2011), its regulators Mitochondrial Ca2+ Uptake1 (MICU1) and 

Mitochondrial Ca2+ Uniporter Regulator 1 (MCUR1) were also identified (Perocchi 

et al., 2010; Mallilankaraman et al., 2012a; Mallilankaraman et al., 2012b; 

Hoffman et al., 2013). The recent discovery of the molecular MCU constituents 

opens the possibility to examine Ca2+ uptake relationships between different 

mitochondrial protein systems. 

Receptor-mediated cytosolic Ca
2+ 
flooding is rapidly cleared by 

endoplasmic reticulum refilling, plasma membrane efflux, and mitochondrial Ca
2+ 

uptake (Berridge et al., 2003; Soboloff et al., 2012). In most eukaryotic 

nonexcitable and excitable cells, carriers, exchangers, and channels regulate 

mitochondrial Ca
2+ 

uptake during the resting and active states (Nicholls, 2005; 

Duchen et al., 2008; Santo-Domingo and Demaurex, 2010; Drago et al., 2011; 
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Rizzuto et al., 2012; Williams et al., 2013). Following G-protein-coupled receptor 

or receptor-tyrosine-kinase-agonist stimulation, the mitochondrial Ca
2+ 

uniporter 

(MCU) channel rapidly transports elevated cytosolic Ca
2+ 

into the mitochondrial 

matrix utilizing the highly negative mitochondrial membrane potential (m) 

(Gunter et al., 1994; Bernardi, 1999; Kirichok et al., 2004). Mitochondrial Ca
2+ 

uptake stimulates bioenergetics through activation of Ca
2+

-sensitive 

dehydrogenases and thus modulates ATP synthesis (Denton and McCormack, 

1980; McCormack et al., 1990; Hansford, 1994; Hajnoczky et al., 1995; Babcock 

et al., 1997; Duchen et al., 2008; Balaban, 2009). Reciprocally, mitochondrial 

Ca
2+ 

overload promotes physical damage to mitochondria leading to bioenergetic 

Figure 1-1.  Mitochondrial, ER, and plasma membrane major Ca2+ flux 
mechanisms 
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crisis and cell death (Szalai et al., 1999; Orrenius et al., 2003). Pathophysiolog-

ical dysregulation of mitochondrial Ca
2+ 

uptake has been linked to organ damage 

via chronic oxidative burden, autophagy, and cellular dysfunction (Baines et al., 

2005; Clapham, 2007; Lemasters et al., 2009; Cardenas et al., 2010; Joiner et 

al., 2012; Mallilankaraman et al., 2012b).  
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Figure 1-2. Major Advances in MCU Supercomplex Identity and 
Characterization 
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Mitochondrial Ca
2+ 

uptake has been functionally described for decades, 

but only recently using integrative bioinformatics and RNAi screening 

approaches, three components of the MCU complex (mitochondrial calcium 

uptake 1, mitochondrial calcium uniporter, and MCU regulator 1) were identified 

that together constitute the activity of MCU (Perocchi et al., 2010; Baughman et 

al., 2011; De Stefani et al., 2011; Mallilankaraman et al., 2012a; Mallilankaraman 

et al., 2012b). Although the mitochondrial uniporter complex tightly regulates 

Ca
2+ 

influx, the molecular mechanisms of uniporter regulation are unclear. This 

unknown regulatory mechanism stems from the observation that mitochondrial 

Ca
2+ 

influx exhibits a finite trigger proposed as a ‘‘set point’’ in 1978 (Nicholls, 

1978, 2005). The set point is overcome and the mitochondria begins Ca
2+ 

uptake 

at cytosolic Ca
2+ 

levels exceeding 3 mM. The trigger was characterized as the 

function of MCU-associated protein MICU1, which is able to suppress mito-

chondrial Ca
2+ 

uptake up to the cytosolic levels 3 mM Ca
2+ 

(Mallilankaraman et 

al., 2012b). Thus far, MICU1 is the only known protein that interacts with MCU to 

prevent mitochondrial Ca
2+ 

uptake under resting conditions (Mallilankaraman et 

al., 2012b), but the MICU1 localization and the binding domains of the 

MICU1/MCU complex that establish the set point are unknown. 
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CHAPTER 2  

MATERIALS AND METHODS  
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Ca2+ Uptake and m Measurement in Permeabilized Cell System 

Mitochondrial Ca2+ uptake and m were determined by simultaneous 

monitoring of cytosolic Ca2+ with Fura-2FF (0.5 M) and m with the lipophilic 

cationic dye 5,5’6,6’- tetrachloro-3,3’-tetraethylbenzimidazolcarbocyanine (JC-1; 

800 nM) changes. Cells grown in T-75 flasks were trypsinized, neutralized with 

FBS, centrifuged 1500 rpm for 5 min, aspirated, resuspended in 20mL PBS, 

centrifuged 800 rpm for 3 min, aspirated, then resuspended in intracellular matrix 

buffer (ICM) containing 40 μg/mL digitonin to permeabilize the cells, protease 

inhibitor cocktail tablets (EDTA-free cOmpleteTM tablets, Roche Applied Science), 

and 2 μM thapsigargin to block the SERCA pump. Mitochondria were energized 

with 2 mM of succinate (Hawkins et al., 2010b), then 8 x 106 cells were 

resuspended in 1 ml of ICM buffer and followed by Fura-2FF as a cytosolic Ca2+ 

indicator. After 20 s of data recording, JC-1 was added. At 480 s, and every 120 

s thereafter, 10 μM Ca2+ was added. 2 μM of CCCP was added at 1200 s. 

Fluorescence was measured using a dual-wavelength fluorimeter (PTI) with 490 

nm excitation 535 nm emission for monomeric JC-1 and 570/595 nm for the J-

aggregate. m was calculated as the ratio of J-aggregate and the monomer 

(Irrinki et al., 2011). 

 Control, MICU1-EF1EF2 or MICU1-K mutant HeLa cells were 

trypsinized, counted (6 × 10
6
) and washed in an extracellular-like Ca

2+
-free 

buffer (in mM: 120 NaCl, 5 KCl, 1 KH2PO4, 0.2 MgCl2, 0.1 EGTA, and 20 

HEPES-NaOH, pH 7.4).  Following centrifugation, cells were transferred to an 

intracellular-like medium (protease inhibitors (EDTA-free Complete tablets, 
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Roche Applied Science), 2 μM thapsigargin and 40 g/ml digitonin. The cell 

suspension supplemented with succinate (5 mM) was placed in a fluorimeter 

and permeabilized by gentle stirring.  Fura-2FF (0.5 M) was added at 0 s and 

JC-1 (800 nm) at 20 s to simultaneously measure extra-mitochondrial Ca
2+

 

and m. Fluorescence was monitored in a temperature-controlled (37ºC) 

multi-wavelength-excitation dual wavelength-emission spectrofluorometer 

(Delta RAM, Photon Technology International) using 490 nm excitation/535 

nm emission for the monomer, 570 nm excitation/595 nm emission for the J-

aggregate of JC1 and 340 nm/380 nm for Fura-2FF. The ratiometric dye, 

Fura-2FF was calibrated as previously described (Mallilankaraman et al., 

2012b).  At 450s, 1 M Ca
2+

 pulse was added and m and extra-

mitochondrial Ca
2+

 were monitored simultaneously. CCCP was added at 750 s 

to determine mitochondrial Ca
2+

 content.  

Cell Culture 

HeLa cells were cultured using DMEM low glucose medium (GIBCO) containing 

10% Fetal Bovine Serum, 1% penicillin/streptomycin, with or without 2 μg/mL 

puromycin and with or without G418 (500μg/mL). For each isoform, SLC25A23, 

SLC25A24, and SLC25A25, five shRNA constructs were expressed. 

 

MICU1 and MCU Plasmid Constructs, Stable shRNA and Protein Expression  

HeLa and COS-7 cells were grown in Dulbeccoʼs modified Eagleʼs medium 

(DMEM) with 10% FBS, 100 U/ml penicillin, and 100 g/ml streptomycin at 37°C, 
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5% CO2. EA.hy926 and human ECs were grown in Dulbeccoʼs modified Eagleʼs 

medium (DMEM) high glucose with 10% FBS, 100 U/ml penicillin, and 100 g/ml 

streptomycin in the presence of 0.5% endothelial cell growth supplement (ECGS) 

at 37°C, 5% CO2. Cytochrome c - GFP was obtained from Douglas Green, St 

Jude Children’s Research Hospital, Memphis, TN, USA. COX8A-mRFP, MICU1-

YFP, MICU1-K-YFP, HA (MICU1, 1, 2, 3, 4 and 5), GFP (MCU, 1, 2 

and 3) Myc-Flag/DDK (MICU1, EF1, EF2, EF1EF2 and MICU1-K) 

plasmid constructs were generated by Origene technologies. MICU1 and MCU 

knockdown cells were grown in DMEM & EC modified media with 2 g/mL 

puromycin to create stable knockdown cells (Mallilankaraman et al., 2012a; 

Mallilankaraman et al., 2012b). All truncation and rescue mutants were grown in 

DMEM & EC modified media under G418 selective pressure (500 g/mL).  

 

Generation of Stable SLC25A23, SLC25A24, SLC25A25 shRNA Knockdown, 

Rescue HeLa Cell Clones 

shRNA sequences for SLC25A23 #863 CCTGAATCTTAGACTCTTATA, #864 

CGAGTCAGCTATCAAGTTCAT, #865 CGGCTGAACAGAATCGTTCAA, #866 

CGTCTACGAGACTCTGAAGAA, #867 CTGCTCATGTTTCACAGTCTT, 

SLC25A24 #592 GACACTGGGTCTGACTATTTC #593 

TATTAGGTATCATACCTTATG, #594 TGGCCTCTTTCGACGAATTAT, #595 

TTCGGGTGGTTTACGTTTATG, #720 ATGAGCTCTTGAAGTCCTATT, and 

SLC25A25 #736 AGACCGAGTTCCAGTACTTTG, #737 
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CTGCCGAGCTGAAGTCCATTT, #738 GGGACTTGGGAGTCAAGATAT, #739 

CCCGAATCAGCCATCAAATTC, #740 CCCTCGTCCAATCCCATAATC were 

obtained from Open Biosystems. HeLa cells (5 X 105 / well) grown in 6-well 

plates were transduced with the lentivirus for knockdown. Two days post-

transduction, the cells were selected with puromycin (2mg/ml) for 6-10 

days and expanded. For the rescue studies, a SLC25A23 construct resistant to 

#864 shRNA knockdown was created (ORIGENE technologies). The rescue 

plasmid encoding SLC25A23 cDNA harbored four silent point mutations in the 

region complementary to SLC25A23 shRNA. #864 knockdown cells were 

transfected with SLC25A23 rescue construct and the knockdown cells 

expressing shRNA-resistant SLC25A23 cDNAs were selected with 500 g/ml 

G418 (Invitrogen). 

qRT–PCR Analysis 

The knockdown and overexpression were assessed by qRT-PCR. Briefly, total 

RNA was isolated from Hela WT, neg shRNA, SLC25A23 KD, SLC25A24 KD, 

and SLC25A25 KD and rescue cells, using RNAesy Minikit (Qiagen) in 

accordance with the manufacturer’s instructions. Total RNA (1 μg) was reverse 

transcribed with VersoTM cDNA synthesis Kit (Abgene® UK). Real time-qPCR 

reactions were performed with gene specific Solaris qPCR gene expression 

assay kit (Abgene® UK) as per the manufacturer’s instructions. (SLC25A23- 

forward primer; AACAGGGTATCTCCTCTGAG, reverse primer; 

AGTCTTGACCGGAACCAG, probe; AGTCTTGACCGGAACCAG SLC25A24- 
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forward primer; ATGCAGGCTCAAGCCATGT, reverse primer; 

GCCTCTGTAAAGTCCTGGTA, probe, TCCAAAGAAGGAATACC and 

SLC25A25- forward primer; TGGAAGCATTCCACGATCT, reverse primer; 

TGAACTCATCCGGGACCGTTA, probe; ATGTGGGTGAGAATCTA). The 

relative gene expression was calibrated with WT type using a 7300 Real Time 

PCR system RQ study software (Applied Biosystems). 

 Total RNA was isolated from cell lines and ECs using RNeasy Mini kit 

(Qiagen) and total RNA (1 μg) was reverse transcribed with the high capacity 

cDNA reverse transcription kit (Applied Biosystems ABI 4368814). Quantitative 

Real-time PCR reactions were performed with gene specific solaris qPCR gene 

expression assay kit (Abgene® UK) (for human MICU1 and MCU: forward 

primer: CTTTGACCGAGAGGCTGCT, reverse primer: 

GTGAGTTCAGACGAAAC and Probe: TGTTTGGACGCGATGTT. Forward 

primer: GTCAGTTCACACTCAAGCCTAT, reverse primer: 

TTGAAGCAGCAACGCGAACA, and Probe: TCTATTCACCAGATGGT 

respectively). The relative gene expression was calculated with neg shRNA in 

the case of stable knockdown cells, control ECs for CAD/PAD ECs or 293T, 

EA.hy926 and HBMEC-1 for other cell types using 7300 Real Time PCR system 

RQ study software 1.4 (Applied Biosystems). The results were expressed as 

percent mRNA expression and plotted using GraphPad Prism version 5 software.  

Cytosolic and Mitochondrial Ca2+ Dynamics 

HeLa cells were grown on 25 mm glass coverslips for 48 hours and were loaded 

with 2 M Rhod-2 AM (50 min) and 5 M Fluo-4 AM (30 min) in extracellular 
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medium (Madesh et al., 2005; Mallilankaraman et al., 2012a). After 1 min of 

baseline recording, agonist (histamine, 100 M) was added and confocal images 

were recorded every 3s (510 Meta; Carl Zeiss) at 488 and 561 nm excitation 

using a 63 x oil objective to simultaneously monitor cytoplasmic and 

mitochondrial Ca2+ dynamics. Images were analyzed and quantified using 

ImageJ (NIH) and custom-made software (Spectralyzer). 

 

Assessment of Mitochondrial Ca2+ Influx and Efflux Rates 

HeLa cells were permeabilized and loaded with the ratiometric Ca2+ 

indicator Fura2-FF. Cells were pulsed with 10 M Ca2+ at 350 s to measure 

mitochondrial Ca2+ uptake, followed by addition of the 1 M Ru360 at 550 s, 10 

M CGP37157 at 610 s and 2 M CCCP at 750 s. 

 

Co-Immunoprecipitation Assay 

Cell extracts were prepared from either stably or transiently transfected 

COS-7 cells using 1x RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.25% 

deoxycholic acid, 1 mM EDTA, 1% NP-40, protease inhibitor cocktail (cOmplete, 

Roche) and 1 mM PMSF). To study the interaction of MCU with SLC25A23, 

GFP-tagged MCU and Flag-tagged SLC25A23 were used. Flag-tagged MICU1 

was used as a positive control (Hoffman et al., 2013). Stably MCU-GFP 

expressing COS7 cells were transfected with flag-tagged full-length MICU1 or 

SLC25A23. Similarly, for understanding the interaction of SLC25A23 with 

MICU1, stably MICU1-HA expressing COS7 cells were transfected with flag-
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tagged SLC25A23. Following immunoprecipitation with anti-GFP (Evrogen) or 

anti-HA (Thermo Scientific) antibody, total cell lysates and immunoprecipitated 

materials 

were subjected to western blot analysis. 10% of cell lysates were probed with 

anti-flag (Sigma-Aldrich), anti-GFP or anti-HA antibodies to serve as inputs, and 

similarly immunoprecipitated samples were probed with their corresponding 

antibodies. 

 

IMCU Recording 

Mitoplast patch clamp recordings were conducted at 30°C as previously 

described (Kirichok et al., 2004; Hoffman et al., 2013). IMCU was recorded using a 

computer controlled Axon200B patch-clamp amplifier with a Digidata 1320A 

acquisition board (pClamp 10.0 software; Axon Instruments). Mitoplasts were 

bathed in CaCl2 (5 mM) ± inorganic phosphate (300 M), sodium gluconate (150 

mM), KCl (5.4 mM), HEPES (10mM), pH 7.2. The pipette solution contained 

sodium gluconate (150 mM), NaCl (5 mM), sucrose (135 mM), HEPES (10 mM) 

and EGTA (1.5 mM), pH 7.2. After formation of G seals (pipette resistance 15-

25 M), the mitoplasts were ruptured with 200-400 mV pulse varying from 2 to 6 

ms duration. Mitoplast capacitance was measured (2.2-3.8 pF). After capacitance 

compensation, mitoplasts were held at 0 mV and IMCU was elicited with a voltage 

ramp (from -160 mV to 80 mV, 120 mV/s). 

 

Oxygen Consumption Rate 
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HeLa cells (1×106) were permeabilized with 20 g/ml digitonin in 140 μL 

intracellular medium (120 mM KCl, 10 mM NaCl, 1 mM KH2PO4, 20 mM HEPES–

Tris, pH 7.2) and oxygen consumption rate was measured using a MT200A 

MitoCell Clark-type electrode, MT200A MitoCell chamber (Strathkelvin 

Instruments) during constant stirring (Irrinki et al., 2011). Next, in 1 min intervals, 

5 mM complex I substrates, malate/pyruvate, complex I inhibitor, 100 nM 

rotenone, complex II substrate, 5mM succinate, complex II inhibitor, 50 nM 

anitmycin A, complex V substrates, 0.4 mM TMPD/ 2.5 mM ascorbate, 

and 1 μM of complex IV inhibitor, sodium azide, were added (Irrinki et al., 2011). 

 

NAD(P)H Autofluorescence Measurement 

NAD(P)H autofluorescence was measured through change in 

autofluorescence of NAD(P)H at 350 nm/460 nm (excitation/emission) with a 

multiwavelength excitation, dual-wavelength emission fluorimeter (Delta RAM, 

PTI, Birmingham, NJ) (Jones et al., 2007). Briefly, cells (8 x 106 cells) were 

suspended in Hank’s Balanced Salt solution (Sigma) and permeabilized with 

digitonin (Hawkins et al., 2010b). NAD(P)H levels were monitored before and 

after 10 M of rotenone. 

Confocal m Measurement 

HeLa cells were plated in six-well plates containing 0.2% gelatin-coated 

glass coverslips (Thapa et al., 2011) 100 nM tetramethylrhodamine, ethyl ester, 

perchlorate (TMRE) was added to cells and incubated for 30 min at 37˚C. 

Nuclear DNA stain, 2-(4- ethoxyphenyl)-6-[6-(4-methylpiperazin-1-yl)-1H-
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benzimidazol-2-yl]-1H-benzimidazole (Hoescht 33342) was added for 5 min. 

Image acquisition was performed using a Carl Zeiss 510 confocal microscope 

using a 63 x oil objective with excitation at 561  and 405 nm respectively. Images 

were quantified using ImageJ (National Institutes of Health) (Madesh et al., 

2005). 

  

Mitochondrial ROS Measurement 

HeLa cells were loaded with the mitochondrial superoxide sensitive 

fluorophore, MitoSOX Red (Invitrogen; 10 μM) in ECM containing 2% BSA at 

37°C for 10 min. Cells were incubated with Hoescht 33342 for an additional 5 min 

at room temperature. Cells were then washed, resuspended in ECM containing 

0.2% BSA, and imaged using a Carl Zeiss 710 two-photon confocal microscope 

with a 20 x liquid immersion objective at 405 nm and 561 nm for Hoescht 33342 

and MitoSOX Red, respectively (Robinson et al., 2006; Mukhopadhyay et al., 

2007). 

 

Detection of Glutathione and Mitochondrial Superoxide Levels   

Mitochondrial superoxide was measured using the mitochondrial O2

•-

indicator MitoSOX Red (Molecular probes; Invitrogen) as described 

(Mukhopadhyay et al., 2007; Hawkins et al., 2010b). Briefly, negative shRNA, 

MICU1 KD and MICU1 Rescue EA.hy926 cells grown on coated glass coverslips 

were loaded with 10 M monochlorobimane (mBCl) or 5 M MitoSOX Red for 30 

min, coverslips were mounted in an open perfusion microincubator (PDMI-2; 
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Harvard Apparatus) at 37°C and imaged. Confocal (510 Meta; Carl Zeiss, Inc.) 

images were obtained at 488  or 561 nm excitation using a 40x oil objective. 

Images were analyzed and the mean GSH-MCB and MitoSOX Red fluorescence 

was quantified using ZEN 2010 software.  

Mitochondrial DNA Content Measurement 

HeLa cells were transiently transfected with mitochondrial marker mYFP 

plasmid construct. After 48 hours, cells were fixed and stained for mitochondrial 

DNA using monoclonal anti-DNA antibody conjugated with secondary goat anti-

mouse IgM Alexa21 Fluor 594 (Invitrogen). Slides were mounted using ProLong 

Gold Antifade reagent (Molecular Probes). Images were acquired using a Carl 

Zeiss 710 two-photon confocal microscope with a 63 x oil objective. mtDNA was 

quantified using ImageJ software. 

 

ATP Measurement 

ATP levels were measured using CellTiter-Glo Luminescent Cell Viability 

Assay (Promega) as per manufacturer instruction. ATP levels (luminescence) 

were measured in a model 96°F non-treated white microwell plate (Nunc) using a 

Victor X5 2030 multilabel reader (Perkin Elmer) (Irrinki et al., 2011). To verify 

loading quantity, a Bradford Assay was performed. 

 

Assessment of Cell Death 

HeLa cells were challenged with t-butyl hydroperoxide (200 M). After 

treatment, the cells were labeled with annexin V Alexa 405 conjugate for 25 min 
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with annexin binding buffer (Molecular Probes). During annexin V binding, 

propidium iodide (0.5 μg/ml) was also loaded to visualize plasma membrane 

integrity. Cell death was monitored using a Carl Zeiss 510 Meta confocal imaging 

system (Madesh et al., 2002; Madesh et al., 2005; Madesh et al., 2009). 

 

Dynamic Protein Flux Assay  

For all studies, MICU1, MCU, and other plasmid constructs were 

generated from human sequences. HeLa cells were co-transfected with cyto c-

GFP and COX8A-mRFP (mitochondrial targeting sequence, MTS), MICU1-YFP 

and COX8-mRFP, or MCU-GFP and COX8-mRFP plasmid constructs. Forty-

eight hours post transfection, cells were permeabilized with digitonin (0.002% 

w/v) for 7 min. Permeabilized cells were washed with digitonin-free intracellular-

like medium supplemented with 2 mM succinate. After 100 s of baseline 

recording, permeabilized cells were exposed to either mastoparan (20 mg/ml) or 

alamethicin (20 mg/ml) at the indicated time points. Confocal images were 

recorded every 10 s (510 Meta; Carl Zeiss) at 488 and 561 nm excitation using a 

40x oil objective. Experiments were performed under pinhole settings of 

approximately 2.3 mm to mitigate the impact of MICU1 rearrangement within the 

mitochondria. After completion of the time series, protein distribution maps were 

generated for before and after the mitochondrial membrane-permeabilizing 

agents. Images were analyzed, and flux rate was calculated. The colored 

histogram depiction represents the distribution of resolvable bit fluorescent 

intensities. Time is plotted from initial (top) to final (bottom) using the same 
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individual experiment depicted in the representative individual trace. The 

intervals (bars) represent different time(s) during which the experiment was 

performed with the top bar indicating before the addition of either mastoparan or 

alamethicin. The protein flux images were analyzed using Zen 2010 software.  

 

Detection of Mitochondrial Protein Release by Western Blotting  

HeLa cells permeabilized with digitonin (0.002% wt/vol) containing ICM 

buffer were supplemented with 2 mM succinate for seven minutes. After 

permeabilization, cells were challenged with mastoparan (20 g/ml) or 

alamethicin (20 g/ml) for 5 min. Supernatant (cytosolic fraction) fractions 

were separated from the mitochondria containing membranes by 

centrifugation at 15,000 x rpm for 10 min. Supernatant and membrane fraction 

proteins were resolved using SDS-PAGE and probed using anti-cytochrome c 

(BD Biosciences), anti-HSP60 (abcam), anti-Flag (Sigma-Aldrich) and anti-

GFP antibodies (Axxora).  

 

Fluorescence Recovery After Photobleaching (FRAP) Analysis  

HeLa cells transfected with either MCU-GFP or MICU1-YFP were grown 

on glass coverslips for 48 hours before FRAP experiments. After baseline 

images were captured (one image/second), a small region (approximately 5% 

cytoplasmic area) was bleached with 10 iterations of 488 nm at 100% laser 

power using a Zeiss 510 confocal microscope. Recordings of fluorescence 

recovery were captured for the following 45 seconds at 488 nm excitation. 
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Recovery in the bleached region was the sum of all diffusing molecules and 

normalized intensity was calculated as a percentage of the difference between 

the initial and bleached fluorescent arbitrary unit value.  Images were analyzed 

using Zen 2010.    

FRET Acceptor Photobleaching Assay  

FRET acceptor photobleaching experiments were performed using HeLa 

cells cotransfected with MCU-GFP/MICU1-YFP, MCU1-GFP/MICU1-YFP, 

MCU2GFP/MICU1-YFP, MCU3-GFP/MICU1-YFP, MCU-GFP/COX8A-RFP 

and MICU1YFP/COX8A-RFP. Cells were grown on coverslips, mounted, and 

subjected to analysis with a Zeiss LSM 510 META confocal microscope.  FRET 

was performed with 100% power bleach iterations (10) of the acceptor using 40 x 

oil objective.  Fluorophores were excited in combinations of 488/514, 488/561 

and 514/561 nm with photobleaching at 514 or 561 nm. The fluorescence 

intensities of the donors were recorded at one second intervals. Data were 

analyzed with the ZEN 2009 software and SigmaPlot11.   

	

Immunoprecipitation and Western Blotting  

Cell extracts were prepared from either stably or transiently transfected 

COS-7 cells using 1x RIPA buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 

0.25% deoxycholic acid, 1 mM EDTA, 1% NP-40, protease inhibitor cocktail 

(Complete: Roche) and 1 mM PMSF). GFP-tagged MCU and its truncations, HA-

tagged MICU1 and its truncations, Flag (DDK)-tagged MICU1 and its mutants 
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were immunoprecipitated using anti-GFP (Axxora), anti-HA (Thermo 

SCIENTIFIC) or anti-DDK (ORIGENE) antibodies. Proteins were resolved using 

SDS-PAGE and analyzed using anti-GFP, anti-HA, anti-Flag (Sigma-Aldrich) or 

anti-MICU1 (Sigma-Aldrich) antibodies in the Western blots. CVD and control 

ECs for WB were processed as above mentioned and probed with antiMICU1 

(Sigma-Aldrich) and anti cyto c antibodies.  

Mitoplast Preparation and Patch-Clamp Recording  

Mitoplasts were isolated from HeLa and endothelial cells (1×10
7
) which 

were grown in T-175 flasks, trypsinized, spun at 1200 rpm for 3 minutes, washed 

with PBS (-Ca
2+

, -Mg
2+

), and again spun at 1200 rpm for 3 minutes. For isolation, 

cells were frozen and thawed to disrupt the cell membrane. Then, the cells were 

resuspended on ice and homogenized with 30 strokes. The homogenate was 

centrifuged at 1,000g ruptured and centrifuged. The supernatant was retained. 

Then, the pellet was resuspended, and again centrifuged. Both supernatants 

were combined and centrifuged at 12,000g for 15 minutes. The isolated 

mitochondrial pellet was subjected to mitoplast preparation as described 

previously (Mallilankaraman et al., 2012a). Freshly isolated mitochondria were 

suspended in hypotonic solution containing 5 mM sucrose, 5 mM HEPES and 

1mM EGTP (pH 7.2). Pelleted mitoplasts were resuspended in 750 mM KCl, 100 

mM HEPES and 1 mM EGTA (pH 7.2). Mitochondria and mitoplasts were loaded 

with the m indicator rhodamine 123 and imaged by confocal microscopy at 

488 nm excitation (Carl Zeiss 510 META) or purified mitoplasts were immediately 

placed on coverslips coated with Cell-Tak (BD Biosciences).   
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Mitoplast patch clamp recordings were performed at 30°C as detailed 

previously with modifications (Kirichok et al., 2004). Currents were recorded 

using a computer controlled Axon200B patch-clamp amplifier with a Digidata 

1320A acquisition board (pClamp 10.0 software; Axon Instruments).  The ionic 

composition of the pipette (2, 5 and 100 mM Ca
2+

) was chosen based on 

previous measurements. Mitoplasts with p-orbital morphology were used for 

patch-clamp recording. Mitoplasts were bathed in solution containing sodium 

gluconate (150 mM), KCl (5.4 mM), CaCl2 (5 mM), Hepes (10 mM), pH 7.2. The 

pipette buffer contained sodium gluconate (150 mM), NaCl (5 mM), sucrose (135 

mM), HEPES (10 mM) and EGTA (1.5 mM), pH 7.2. After formation of G seals 

(pipette resistance 20-35 MΩ) the mitoplasts were ruptured with 200-400 mV 

pulse varied from 2 to 6 ms duration.  Mitoplasts capacitance was measured 

(2.2-3.8 pF). After capacitance compensation, mitoplasts were held at 0 mV and 

IMCU were elicited with a voltage ramp (from -160 mV to 80 mV, - 120 mV/s).  

 

Isolation of Endothelial Cells from CVD and Control Subjects  

Primary ECs were isolated from arteries and veins obtained from 

individuals undergoing surgical intervention for coronary artery disease 

(CAD)/peripheral artery disease (PAD) at the surgical unit of Temple University 

Hospital after due ethical clearance. The tissues were collected in standard EC 

transport medium and transported to the laboratory through cold chain and 

processed immediately. The tissues were initially washed once with PBS 

containing 100 U/ml penicillin and 100 mg/ml streptomycin and then cleaned to 
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remove the fibrous portion with sterile forceps. Using a sterile blade, the veins 

were cut vertically and carefully flipped over. The tissues were cut into small 

squares of approximately 0.5 cm x 0.5 cm and placed in a 100 mm dish with 

medium just bathing the tissue pieces. The plates were incubated at 37
c
C, 5% 

CO2. After 1 week, the tissue pieces were removed leaving the individual 

colonies to develop into a confluent monolayer. Endothelial cell phenotypes were 

characterized as previously described (Milovanova et al., 2008).  

Cell Proliferation Assay  

To measure EC proliferation, neg shRNA, MICU1 KD and Rescue ECs 

were stained with 5µM CFSE (Cell Trace
TM

 CFSE Cell proliferation Kit, Molecular 

Probes, Invitrogen). Briefly ECs were grown on 100 cm
2
 dishes to 90% 

confluence and labeled with 5 M CFSE for 15 min at 37oC , quenched with pre-

warmed complete media for 30 min at 37oC  and washed three times with media 

to remove excessive staining. An equal number of CFSE stained cells were 

plated and incubated at 37oC, 5% CO2 for 72 hrs. After 72 hrs, the ECs were 

washed with PBS and stained with Aqua live dead discrimination dye 

(Invitrogen). ECs were then fixed with 3.7% paraformaldehyde and the 

fluorescence intensities acquired using a flow cytometer (LSRII; Becton 

Dickinson, CA, USA). For flow cytometric analysis a minimum of 100,000 events 

per sample were collected and the data analyzed using Flow-Jo software. 

Standard gating procedures using FMO controls were used to identify positive 

cells/peak.  Relative fluorescence intensities were plotted on a logarithmic scale 
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using Flow-Jo software and quantitation was plotted using GraphPad Prism 

version 5 software.  

Endothelial Cell Migration Assay  

Control, CVD-derived ECs and CVD + MICU1 Rescue ECs were seeded 

at a density of 1×10
5
 cells/well in 6-well plates overnight for confluent monolayer. 

A uniform 1.8 mm scratch running the entire length of the well was created using 

a sterile 200 l tip. The wells were washed three times with PBS to remove the 

cell debris and then bathed in 2 ml complete endothelial medium. After 24 hrs the 

cells were washed and fixed with CAMCO Quick Stain® II as per manufacturer 

instructions.  The wells were photographed at multiple locations using phase 

contrast microscopy with a 4x objective. Migration was quantified using Image J 

software (NIH); results are expressed as percent gap closure (Craige et al., 

2011).  

Endothelial-Monocyte Adhesion Assay  

Endothelial cells were plated on a glass slide (44 x 20 mm) coated with 

0.2% gelatin. ECs were cultured for 24 h. ECs and THP-1 monocytes were 

labeled with Cell Tracker Green and Cell Tracker Red (1 M; Invitrogen), 

respectively for 15 min. Labeled monocytes were evenly added onto ECs and 

allowed 10 min for adhesion. Unbound monocytes were removed and images 

were acquired at 488 nm and 561 excitation nm using a 40x oil objective 

(Hawkins et al., 2007). Adherent monocytes were counted and expressed as 

percent adhesion (THP-1/ECs). TNF-α (10 ng/ml) or LPS (1 g/ml) were used 

as positive controls.  
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In Vivo Knockdown of MICU1 and Vascular Integrity Measurement  

MICU1 knockdown in mice was performed using a lentivirus carrying 

MICU1-shRNA. Three daily doses of MICU1-shNRA (1x10
8
 TU/ml as measured 

by p24 ELISA, and also confirmed by true infectious titer via puromycin 

resistance in EC culture; 100 l/mice was delivered using saline as vehicle) 

lentivirus or control lentivirus neg-shRNA were administered by i.v. and MICU1 

expression in the endothelium was assessed by qRT-PCR after 5 days from the 

last injection (8 total days). Freshly isolated primary ECs were be rapidly 

subjected to [Ca
2+

]m and ROS measurement. The vascular integrity studies were 

performed as described previously (Gandhirajan et al., 2013). The animal 

protocol was approved by Temple University IACUC (#4028). 

 

Yeast Two-Hybrid Analysis  

Full-length MCU, MCU-1, 2 and 3 cDNA constructs were sub-cloned 

into the GAL4 DNA binding domain of pGBKT7 (Clontech) so as to serve as 

“bait.” The “prey” was full-length MICU1 cDNA cloned next to the GAL4 activation 

domain of pGADT7 (Clontech). The bait and prey were transformed into Y2H 

Gold cells together. Functional interactions were tested by growth of the 

transformed yeast cells initially plated on medium stringency media containing 

SD/-Leu/-Trp and then plated onto SD/–Ade/– His/–Leu/–Trp/X-α-Gal/AbA plates, 

which activate the expression of repression proteins. The empty pGBKT7 vector 
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served as a negative control while the control vectors supplied with the 

matchmaker Gold Yeast Two-Hybrid System served as a positive control.  

Measurement of [Ca
2+

]c And [Ca
2+

]m in Intact Cell System   

HeLa cells grown on 25-mm glass coverslips were loaded with 2 M rhod-2/AM 

(50 min) and 5 µM Fluo-4/AM (30 min) in extracellular medium as previously 

described (Hawkins et al., 2010). Coverslips were mounted in an open perfusion 

microincubator (PDMI-2; Harvard Apparatus) at 37°C and imaged. After 1 min of 

baseline recording, histamine (100 M) was added and confocal images were 

recorded every 3s (510 Meta; Carl Zeiss, Inc.) at 488 and 561 nm excitation 

using a 40x oil objective.  Images were analyzed and quantitated using ZEN 

2010 software.  

	
Statistical Analysis 

All experiments were performed three or more times. Data from multiple 

experiments were quantified and expressed as mean ± SEM, and differences 

between groups were analyzed by using two-tailed Student’s t test. p value < 

0.05 was considered significant in all analyses. Data were plotted either with 

Graphpad Prism version 5.0 or with SigmaPlot 11.0 software.  
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Figure 2-1. Strategies for Mitochondrial Functional Parameters Utilizing 
Confocal Microscopy 
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CHAPTER 3 

SLC25A23 AUGMENTS MITOCHONDRIAL CA2+ 

UPTAKE, INTERACTS WITH MCU, AND INDUCES 

OXIDATIVE STRESS-MEDIATED CELL DEATH  
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SLC25A23  

Statement of Goals 

The goal of these experiments is to examine the relationship between MCU and 

a distinct family of solute carriers (SLC25 family). 

 

Specific Aim 1 

Investigate the Role of SLC25A23 in Mitochondrial Ca2+ Uptake 

A) Examine Mitochondrial Ca2+ Influx in SLC25A23 KD HeLa cells. 

B) Examine Mitochondrial Ca2+ Efflux in SLC25A23 KD HeLa cells. 

C) Examine Mitochondrial Ca2+ Accumulation in SLC25A23 KD HeLa cells. 

 

To explore the role of SLC25 isoforms, SLC25A23, SLC25A24, and 

SLC25A25 will be stably knocked down using lentiviral shRNA (Mallilankaraman 

et al., 2012a). Then, puromycin resistant stably expressing lentiviral shRNA HeLa 

cell clones will be subjected to quantitative RT-PCR to assess SLC25 mRNA 

levels. Next, SLC25A23 #864 shRNA will be verified as exclusively on-target. For 

in vivo data, HeLa cell maximal knockdown clones #864, #594, and #739 for 

SLC25A23, SLC25A24, and SLC25A25 respectively will be assayed using 

confocal microscopy for cytosolic Ca2+ (Fluo-4) and mitochondrial Ca2+ (Rhod-2 

AM) dynamics following G-protein coupled receptor (GPCR) agonist, histamine 

(100 M), stimulation (Madesh et al., 2005; Hawkins et al., 2010a; Hawkins et al., 

2010b; Davidson and Duchen, 2012; Mallilankaraman et al., 2012a; 

Mallilankaraman et al., 2012b).  
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To complement the rhod-2 AM results, HeLa SLC25A23 KD, SLC25A24 

KD, and SLC25A25 KD clones will be transfected with the genetic mitochondrial 

Ca2+ reporter, GCaMP2-mt, and assayed following histamine (100 M) 

stimulation. After examination of mitochondrial Ca2+ uptake by SLC25A23 KD, 

SLC25A24 KD, and SLC25A25 KD, cytosolic Ca2+ clearance will be assessed 

following histamine stimulation. Cytosolic Ca2+ measured by Fluo-4, will be 

examined in an extended time interval to evaluate whether the decreased 

mitochondrial Ca2+ uptake in SLC25A23 KD reciprocally sustained cytosolic 

[Ca2+] (Quintana et al., 2007). HeLa SLC25A23 KD and Neg shRNA cells will be 

challenged with histamine and fluorescence was recorded for 1000s. 

To demonstrate that indeed SLC25A23 KD reduced mitochondrial Ca2+ 

uptake, permeabilized HeLa cells will be suspended in ICM buffer containing 

succinate to energize the mitochondria and thapsigargin to inhibit ER Ca2+ 

uptake via sarco/endoplasmic reticulum Ca2+ ATPase (SERCA), and Fura-2FF 

was added to monitor the extra-mitochondrial changes. Cells will then pulsed 

with 10 M Ca2+ to measure the mitochondrial Ca2+ uptake rate. Although the 

influx pathway is described by the rapid Ca2+ uptake channel, MCU, Ca2+ efflux is 

mediated by the Na+/Ca2+ exchanger, with a distinct, relatively slow kinetic rate. 

Ca2+ efflux will be measured by blocking the major Ca2+ uptake channel, the 

mitochondrial uniporter with Ru360 (Zhou et al., 1998; Hajnoczky et al., 2006) 

followed by blockage of the mitochondrial Na+/Ca2+ exchanger with CGP37157 

(Cox et al., 1993; Palty et al., 2010; Wei et al., 2011). Finally, uncoupler CCCP 

will be added to trigger the release of all mitochondria-stored Ca2+ thus validating 
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that equal amounts of total Ca2+ were pulsed. The intact and permeabilized cell 

data will indicate if SLC25A23 plays a role in mitochondrial Ca2+ uptake. 
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Specific Aim 2 

Investigate the Interactions of SLC25A23 with Mitochondrial Ca2+ Uptake 

Components 

A) Examine if SLC25A23 interacts with MCU. 

B) Examine if SLC25A23 interacts with MICU1. 

C) Determine the role of SLC25A23-dependent phosphate in IMCU. 

 

To determine the mechanism by which SLC25A23 modulates 

mitochondrial Ca2+ uptake, we will ask whether SLC25A23 interacts with MCU or 

MICU1. Flag-tagged SLC25A23 will be transfected into COS7 cells stably 

expressing GFP-tagged full-length MCU or HA-tagged full-length MICU1. The 

cell lysates from transfected cells will be subjected to immunoprecipitation and 

western blot analysis. The results of the co-immunoprecipitation will demonstrate 

whether SLC25A23 interacts with MCU and MICU1, two proteins believed to be 

of critical importance to mitochondrial Ca2+ influx. 

If SLC25A23 interacts with MCU, we will determine whether the 

knockdown of SLC25A23 modulates MCU activity (IMCU). To measure IMCU, 

mitoplast patch-clamping will be performed. In the patch-clamp of whole-

mitoplast configuration, the addition of 5 mM Ca2+ to the bath will trigger an 

inwardly rectifying Ca2+ current which may be reduced in SLC25A23 KD 

mitoplasts in the nominal phosphate buffer condition. Because SLC25A23 has 

been previously described as a Mg- ATP/Pi carrier (Fiermonte et al., 2004), we 

will measure the IMCU in Negative shRNA and SLC25A23 KD mitoplasts 
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supplemented with 300 M phosphate (Zoccarato and Nicholls, 1982). These 

results will suggest if the Mg-ATP/Pi carrier function of SLC25A23 enhances IMCU 

activity. 
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Specific Aim 3 

Investigate the Role of SLC25A23 in Mitochondrial ROS Production 

A) Investigate Basal ROS and Antioxidant Levels in SLC25A23 KD 

B) Investigate Oxidative Stress-dependent bioenergetics in SLC25A23 KD 

 

Since SLC25A23 is involved in Ca2+ activated adenine nucleotide 

transport, we will examine mitochondrial DNA copy number (mtDNA). Depletion 

of mitochondrial DNA copy number result in disassembly of electron transport 

chain components and thus drives ROS overproduction and mitochondrial 

malfunction (Hom et al., 2010). In complement, we will also study the 

mitochondrial oxygen consumption rate (OCR) and NAD(P)H levels. To 

investigate whether SLC25A23 KD impacts mitochondrial ROS production, we 

will assay for mitochondrial superoxide (mROS) using mitochondrial targeting 

superoxide indicator, MitoSOX Red. Next, we will assess whether the levels of 

major antioxidant, glutathione, were changed in SLC25A23 KD cells. Together, 

these results will demonstrate the role of SLC25A23 on basal mitochondrial 

bioenergetics and mROS. 

 Having observed reduction of mitochondrial Ca2+ uptake and mROS 

production during basal state, we will next examine whether KD of SLC25A23 

alleviates cell death during active mitochondrial Ca2+ overload conditions by 

measuring ATP following oxidative stress. If ATP levels are preserved in the 

SLC25A23 KD, we will perform a cell death assay using t-butyl hydroperoxide 

challenge. Oxidant treated cells will be stained with cell death markers annexin V 
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and propidium iodide and imaged using confocal microscopy. Similar to the 

observed preservation of ATP levels, SLC25A23 KD may be protective against t-

BH stress while the SLC25A23 #864 rescue may exhibit cell death comparable to 

negative shRNA HeLa cells. These results will establish the role of SLCA25A23 

as a link between mitochondrial Ca2+ uptake and cell death following oxidative 

stress. 

Solute carriers in the mitochondria can be divided into two major groups, 

the aspartate/glutamate carriers (Palmieri et al., 2001) and the ATP-magnesium 

carriers (Satrustegui et al., 2007b) of which SLC25A23, SLC25A24, and 

SLC25A25 are paralogs. SLC25A23 and SLC25A24 have been demonstrated to 

transport adenine nucleotides in response to Ca2+ (Aprille, 1988; Fiermonte et al., 

2004; Tewari et al., 2012; Traba et al., 2012; Amigo et al., 2013), but the 

functional interplay with mitochondrial Ca2+ uptake has not yet been rigorously 

characterized. However, it has been reported that the deletion of SLC25A23 

diminishes oxidative phosphorylation (Amigo et al., 2013). Further, SLC25A23, 

SLC25A24, and SLC25A25 contain functional EF hands (Bassi et al., 2005) 

which makes their Mg/ATP-Pi carrier function Ca2+ sensitive, similar to other Ca2+ 

activated channels and carriers. Mitochondrial solute carriers are widespread in 

eukaryotes and well conserved (Carafoli and Lehninger, 1971; Uribe et al., 1992; 

Palmieri, 2004). For example, Sal1 is a yeast homolog to SLC25A23 which also 

contains EF-hand domains (Kucejova et al., 2008). The double inactivation of 

yeast Sal1 and ATP/ADP translocase (aac2) led to abnormal mitochondrial DNA. 

The activation of these solute carriers occurs on the exterior of the inner 
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mitochondrial membrane (Haynes et al., 1986; Nosek et al., 1990; Palmieri et al., 

2001), and activators include Ca2+, adenosine 3’5’-cyclic monophosphate, protein 

kinases, and inositol polyphosphates (Dransfield and Aprille, 1993). Members of 

the SLC25 family have been identified as the cause of Stanley Syndrome 

(SLC25A20) and Amish microcephaly (SLC20A19) suggesting the functional 

importance of SCaMCs (Palmieri, 2004; Molinari et al., 2005; Molinari et al., 

2009). Similar to Sal1, SLC25A24 has been shown to be involved in regulating 

the ADP/ATP ratio in the mitochondrial matrix (Traba et al., 2012), however, a 

recent study utilizing a SLC25A25 knockout mouse only showed moderate 

effects on metabolism (Anunciado-Koza et al., 2011). 

In our search for the molecular identity of the MCU, SLC25A23, 

SLC25A24, and SLC25A25 emerged as a group of interest (Mallilankaraman et 

al., 2012a). They were selected for study, because they are predicted to form 

multi-transmembrane domains, sense Ca2+ with functional Ca2+ binding EF hand 

Figure 3-1. Conserved EF-hand Domains (blue) from Human to Yeast 



37 
 

motifs, and localize to the mitochondrial inner membrane (del Arco and 

Satrustegui, 1998; Iijima et al., 2001; del Arco and Satrustegui, 2004). SLC25A23 

is highly expressed in the brain, heart, skeletal muscle, liver, and small intestine 

(Bassi et al., 2005), and although SLC25A23 has been characterized as a Ca2+ 

activated ATP-Mg/Pi carrier, the functional interplay and feedback provided by 

SLC25A23 activity on mitochondrial Ca2+ uptake remains unknown. 

The purpose of this work was to investigate how this family of solute carriers 

regulates mitochondrial Ca2+ uptake, bioenergetics, and cell survival. Here we 

report that knockdown of SLC25A23 reduces mitochondrial Ca2+ uptake, while 

interacting with MCU and MICU1, without altering mitochondrial efflux. The EF-

Figure 3-2. Scheme Depicting SLC25A23 Predicted Topology.  
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hand domains of SLC25A23 are necessary for its function and thus participate in 

mitochondrial matrix Ca2+ accumulation and stress-induced cell death. 

Results 

Silencing of SLC25A23 Modulates Mitochondrial Ca2+ Uptake 

To explore the role of SLC25 isoforms, SLC25A23, SLC25A24, and 

SLC25A25 were stably knocked down using lentiviral shRNA (Mallilankaraman et 

al., 2012a). Puromycin resistant stably expressing lentiviral shRNA HeLa cell 

clones were subjected to quantitative RT-PCR to assess SLC25 mRNA levels 

(Figure 3-4, A-C). We next examined whether the SLC25A23 #864 shRNA was 

exclusively on-target. mRNA levels of SLC25A23, SLC25A24 and SLC25A25 

were assessed in the SLC25A23 #864 shRNA HeLa clone. As expected, 

SLC25A23 but not SLC25A24 and SLC25A25 mRNAs was knocked down 

(Figure 3-5), confirming the specificity of the #864 shRNA. HeLa cell maximal 

knockdown clones #864, #594, and #739 for SLC25A23, SLC25A24, and 

SLC25A25 respectively were assayed using confocal microscopy for cytosolic 

Ca2+ (Fluo-4) and mitochondrial Ca2+ (Rhod-2 AM) dynamics following G-protein 

coupled receptor (GPCR) agonist, histamine (100 M), stimulation (Madesh et 

al., 2005; Hawkins et al., 2010a; Hawkins et al., 2010b; Davidson and Duchen, 

2012; Mallilankaraman et al., 2012a; Mallilankaraman et al., 2012b). SLC25A23 

KD but not SLC25A24 KD nor SLC25A25 KD exhibited diminished mitochondrial 

Ca2+ uptake (Figure 3-6, A-C). To complement the rhod-2 AM results, HeLa 

SLC25A23 KD, SLC25A24 KD, and SLC25A25 KD clones were transfected with 
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the genetic mitochondrial Ca2+ reporter, GCaMP2-mt, and assayed following 

histamine (100 M) stimulation. GCaMP2-mt fluorescence corroborated that 

SLC25A23 KD reduces mitochondrial Ca2+ uptake, while SLC25A24 KD and 

SLC25A25 KD were unaltered (Figure 3-7, A-D). Having observed a reduction of 

mitochondrial Ca2+ uptake by SLC25A23 KD but not SLC25A24 KD and 

SLC25A25 KD, cytosolic Ca2+ clearance was assessed following histamine 

stimulation. Cytosolic Ca2+ measured by Fluo-4, was examined in an extended 

time interval to evaluate whether the decreased mitochondrial Ca2+ uptake in 

SLC25A23 KD reciprocally sustained cytosolic [Ca2+] (Quintana et al., 2007). 

HeLa SLC25A23 KD and Neg shRNA cells were challenged with histamine and 

fluorescence was recorded for 1000s (Figure 3-8, A). Quantitation of the cytosolic 

Ca2+ fluorescence area under the curve demonstrated a marked deceleration of 

cytosolic Ca2+ clearance (Figure 3-8, B). 

 

SLC25A23 KD Decreased Mitochondrial Ca2+ Uptake Without Altering Efflux 

Rate 

To demonstrate that indeed SLC25A23 KD reduced mitochondrial Ca2+ 

uptake, permeabilized HeLa cells were suspended in ICM buffer containing 

succinate to energize the mitochondria and thapsigargin to inhibit ER Ca2+ 

uptake via sarco/endoplasmic reticulum Ca2+ ATPase (SERCA), and Fura-2FF 

was added to monitor the extra-mitochondrial changes. Cells were then pulsed 

with 10 M Ca2+ to measure the mitochondrial Ca2+ uptake rate. Although the 

influx pathway is described by the rapid Ca2+ uptake channel, MCU, Ca2+ efflux is 



40 
 

mediated by the Na+/Ca2+ exchanger, with a distinct, relatively slow kinetic rate. 

Ca2+ efflux was measured by blocking the major Ca2+ uptake channel, the 

mitochondrial uniporter with Ru360 (Zhou et al., 1998; Hajnoczky et al., 2006) 

followed by blockage of the mitochondrial Na+/Ca2+ exchanger with CGP-37157 

(Cox et al., 1993; Palty et al., 2010; Wei et al., 2011). Finally, uncoupler CCCP 

was added to trigger the release of all mitochondria-stored Ca2+ thus validating 

that equal amounts of total Ca2+ were pulsed. SLC25A23 KD only altered 

mitochondrial Ca2+ influx (Figure 3-9, A and B) while efflux rate and total 

mitochondrial [Ca2+] were unchanged (Figure 3-9, A and Figure 3-10, B and C). 

Though statistically insignificant, a trend seemed to exist in the SLC25A23 KD 

total Ca2+ in which total SLC25A23 KD Ca2+ was reduced from Neg shRNA, 

presumably due to reduced influx rate. Knockdown of SLC25A24 and SLC25A25 

did not alter influx rate, efflux rate, and total mitochondrial [Ca2+] (Figure 3-11, A 

and B, Figure 3-12, A and B, and Figure 3-13, A-C). The intact and 

permeabilized cell data indicate a SLC25A23 role in mitochondrial Ca2+ uptake. 
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SLC25A23 EF-hands are Necessary for Mitochondrial Ca2+ Uptake

 

Figure 3-3. Consensus EF-hand Domain (left) and Mutant EF-hand Domain 
(right) 

SLC25A23 is predicted to be a multi-transmembrane mitochondrial 

resident protein with three EF-hand motifs. After examining the EF-hand 

consensus sequence, we determined that only two of the three EF-hand motifs 

contain functional Ca2+ binding sites. To investigate the role of Ca2+ sensing 

properties of SLC25A23, we overexpressed GFP-tagged mutants of the two EF-

hands (EF1 D22A/E33K and EF2 D90A/E101K) in SLC25A23 KD cells (Figure 3-

14). Expression and mitochondrial localization was verified with mitochondrial 

m indicator TMRE (Figure 3-15). After verifying transient expression of 

SLC25A23 EF-hand mutants, HeLa cells were loaded with Rhod-2 AM and 
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stimulated with histamine. The EF-hand mutants exhibited a reduction of 

mitochondrial Ca2+ uptake (Figure 3-16, A and B). These data suggest the EF 

hands are essential for SLC25A23 Ca2+ sensing, and that SLC25A23 EF hands 

function to increase mitochondrial Ca2+ uptake.  

     

SLC25A23 Interacts with Mitochondrial Ca2+ Uniporter Complex 

Components, MCU and MICU1 

To determine the mechanism by which SLC25A23 modulates 

mitochondrial Ca2+ uptake, we asked whether SLC25A23 interacts with MCU or 

MICU1. Flag-tagged SLC25A23 was transfected into COS7 cells stably 

expressing GFP-tagged full-length MCU or HA-tagged full-length MICU1. The 

cell lysates from transfected cells were subjected to immunoprecipitation and 

western blot analysis. Immunoprecipitation of GFP-tagged MCU pulled-down 

SLC25A23 (Figure 3-17) with MCU/MICU1 known interaction serving as a 

positive control. Correspondingly, HA-tagged MICU1 pulled down SLC25A23 

(Figure 3-18). The results of the co-immunoprecipitation demonstrate that 

SLC25A23 interacts with MCU and MICU1, two proteins believed to be of critical 

importance to mitochondrial Ca2+ influx. 

Since SLC25A23 interacts with MCU, we next sought to determine 

whether the knockdown of SLC25A23 modulates MCU activity (IMCU). To 

measure IMCU, mitoplast patch-clamping was performed. In the patch-clamp of 

whole-mitoplast configuration, the addition of 5 mM Ca2+ to the bath triggered an 

inwardly rectifying Ca2+ current which was reduced in SLC25A23 KD mitoplasts 
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in the nominal phosphate buffer condition (Figure 3-19, A and C). Because 

SLC25A23 has been previously described as a Mg-ATP/Pi carrier (Fiermonte et 

al., 2004), we measured the IMCU in Neg shRNA and SLC25A23 KD mitoplasts 

supplemented with 300 M phosphate (Zoccarato and Nicholls, 1982) (Figure 3-

19, B and C). IMCU was increased by the presence of phosphate in Neg shRNA 

but not in SLC25A23 KD mitoplasts (Figure 3-19, A-C). This result suggests that 

the Mg-ATP/Pi carrier function of SLC25A23 enhances IMCU activity. 

 

Mitochondrial Ca2+ Uptake Reduction by SLC25A23 KD Preserves m 

Because mitochondria Ca2+ uptake relies on m as a driving force, we 

asked if the reduced mitochondrial Ca2+ uptake exhibited by SLC25A23 

knockdown was due to a difference in basal driving force, m. HeLa cells with 

maximal knockdown (Clone 864), moderate knockdown (Clone 863), and a 

SLC25A23 rescue construct (Figure 3-4 and Figure 3-20) showed neither m 

nor basal morphological phenotype changes when compared to a Neg shRNA 

HeLa cell clone using two different m indicators, TMRE and Rhodamine 123 

(Figure 3-21, A and B). This data shows that SLC25A23 knockdown does not 

alter basal m. We next examined the active-state mitochondrial Ca2+ handling 

and m simultaneously using a permeabilized cell system loaded with cytosolic 

Ca2+ indicator Fura-2FF and m indicator JC-1 (Madesh and Hajnoczky, 2001; 

Madesh et al., 2002; Madesh et al., 2009; Roy et al., 2009; Mallilankaraman et 

al., 2012a; Mallilankaraman et al., 2012b). JC-1 is preferred to DiOC6(3) and 

Rhodamine123 in m studies when m may collapse (Salvioli et al., 1997) 
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which occurs when excessive Ca2+ is taken into the mitochondria. We found that 

the extra-mitochondrial delivery of Ca2+ pulses promoted a larger decay of m 

in control shRNA HeLa cells when compared to SLC25A23 #864 knockdown 

HeLa cells (Figure 3-22 A and B). Intermediate knockdown of SLC25A23 (#863) 

partially preserved m (Figure 3-22). We next verified SLC25A23’s role by re-

expressing #864 shRNA insensitive SLC25A23 cDNA. We were able to restore 

Ca2+ flux and associated m (Figure 3-22). These results suggest that 

SLCA25A23 participates in mitochondrial Ca2+ uptake regulation. 

 

SLC25A23 Increases Basal ROS and Decreases Antioxidant Levels 

Since SLC25A23 is involved in Ca2+ activated adenine nucleotide 

transport, we examined mitochondrial DNA copy number (mtDNA). Depletion of 

mitochondrial DNA copy number result in disassembly of electron transport chain 

components and thus drives ROS overproduction and mitochondrial malfunction 

(Hom et al., 2010). We found that KD of SLC25A23 did not alter mtDNA copy 

numbers in HeLa cells when compared to either negative or partial KD (#863) 

shRNA clones (Figure 3-23, A and B) supporting our finding of no gross 

mitochondrial abnormalities. In complement, we also studied the mitochondrial 

oxygen consumption rate (OCR) and NAD(P)H levels. Silencing of SLC25A23 in 

HeLa cells did not significantly alter mitochondrial OCR and NAD(P)H content 

(Figure 3-24 and Figure 3-25). We next investigated whether SLC25A23 KD 

impacts mitochondrial ROS production. We assayed for mitochondrial superoxide 



45 
 

(mROS) using mitochondrial targeting superoxide indicator, MitoSOX Red. 

Surprisingly, basal mROS levels were lower in SLC25A23 KD than in control 

(Figure 3-26 A and B) and reconstitution of SLC25A23 in clone #864 partially 

restored the mROS levels (Figure 3-26 A and B). However, mROS levels in 

SLC25A24 KD and SLC25A25 KD were similar to Neg shRNA cells. We next 

assessed whether the levels of major antioxidant, glutathione, were changed in 

SLC25A23 KD cells. Indeed, reduced glutathione levels are higher in SLC25A23 

KD (Figure 3-27 A and B). Together, these results demonstrate that knockdown 

of SLC25A23 has no effect on basal mitochondrial bioenergetics but lowered 

basal mROS. 

 

Knockdown of SLC25A23 Protects Cells from Oxidative Stress 

Having observed reduction of mitochondrial Ca2+ uptake and mROS 

production during basal state, we finally examined whether KD of SLC25A23 

alleviates cell death during active mitochondrial Ca2+ overload conditions. 

SLC25A23 knockdown #864 and partial knockdown #863 both exhibited strong 

global preservation of ATP when compared to negative shRNA after ROS 

stressors (Figure 3-28). Since ATP levels were preserved in the SLC25A23 KD, 

we performed a cell death assay using t-butyl hydroperoxide challenge. Oxidant 

treated cells were stained with cell death markers annexin V and propidium 

iodide and imaged using confocal microscopy. Similar to the observed 

preservation of ATP levels, SLC25A23 KD was protective against t-BH stress 

while the SLC25A23 #864 rescue exhibited cell death comparable to negative 
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shRNA HeLa cells (Figure 3-29, A and B). These results establish the role of 

SLCA25A23 as a link between mitochondrial Ca2+ uptake and cell death 

following oxidative stress. 

 

Discussion 

The main finding of the work is that SLC25A23 participates in 

mitochondrial Ca2+ uptake while interacting with key mitochondrial Ca2+ uniporter 

molecules MCU and MICU1. The RNAi-mediated silencing of SLC25A23 

demonstrated the role for SLC25A23 as a facilitator of mitochondrial Ca2+ 

uptake, mROS production, and subsequently alters cell death. Additionally, 

SLC25A23 EF-hands are necessary for the mitochondrial Ca2+ function of 

SLC25A23. 

The MCU channel complex and the mitochondrial solute carriers 

functionally integrate to create the physiological mitochondrial Ca2+ 

transportome, which comprehensively drives kinetics and maintains equilibrium. 

Recent findings regarding the interactions of MCU both distal and proximal are 

the emerging focus of mitochondrial biology (Mori et al., 2011; Mallilankaraman 

et al., 2012a; Mallilankaraman et al., 2012b). A further example of the signal 

interaction of MCU and solute carriers is SLC25A12, which is a protein of 

mitochondrial inner membrane (del Arco and Satrustegui, 1998) and responds to 

Ca2+ by intermembrane space EF-hands (Pardo et al., 2006; Marmol et al., 

2009). In this case, the direct Ca2+-induced function of SLC25A12 is to increase 
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mitochondrial levels of NAD(P)H (Satrustegui et al., 2007a; Wibom et al., 2009). 

Additionally, correlative gene expression analysis in cancer cell lines strongly 

supports our conclusion that SLC25A23 Ca2+ uptake plays a role in ROS 

dependent cell death but does not alter mitochondrial bioenergetics (Huang et 

al., 2004). Further, SLC25A23, SLC25A37, and SLC25A4 have been implicated 

in cancer related fatigue, a major quality of life determinant (Hsiao et al., 2013). 

Surprisingly, not only does SLC25A23 functionally regulate MCU Ca2+ 

influx possibly by Ca2+-activated phosphate anion flow which balances the net 

charge of matrix ion influx, the multi-pass transmembrane SLC25A23 interacts 

with MCU, perhaps due to hydrophobic interactions in the transmembrane 

portions. SLC25A23 interaction with MICU1 may be indirect through MCU, or 

SLC25A23 could sequester MICU1 thus increasing IMCU. The functional 

regulation of MCU by SLC25A23 and the biophysical characterization of 

SLC25A23/MCU/MICU1 complex need further investigation. Our results show 

evidence of SLC25A23 interaction with MCU and functional IMCU modulation of 

MCU by SLC25A23 suggesting a supercomplex integrating channels and carriers 

in micro-domains for enhanced sensitivity. In support of this concept, a recent 

SILAC MS/MS study identified SLC25A3 (phosphate carrier; PiC (Palmieri, 2004) 

as a possible MCU transportome component in 293T cell line (Sancak et al., 

2013). Although SLC25A23 was not detected in this pull-down approach (Sancak 

et al., 2013), it is possible that cell type and the solute carrier conserved domain 

are key factors in solute carrier/MCU interaction. Recently, SLC25A23 

expression was reported to be nominal in kidney (293T is a human embryonic 



48 
 

kidney epithelial cell line) and other tissues as compared to brain and liver (Traba 

et al., 2012). Together, these findings suggest that rigorous interaction studies 

are warranted to define the MCU supercomplex. Although we show that MCU-

mediated Ca uptake is interacting with the function of SLC25A23, the two 

systems are distinct as SLC25A23 is derived from a separate lineage (Bick et al., 

2012). However, both MCU and SLC25A23 have orthologs extending back to the 

common ancestor of eukaryotes suggesting the possibility of co-evolution (Flicek 

et al., 2014). 

Mitochondrial Ca2+ overload often results in loss of m causing 

bioenergetic collapse (Bernardi et al., 1999; Rizzuto et al., 2012). SLC25A23 

silencing preserved m while reducing Ca2+ uptake following GPCR 

stimulation. Additionally, we found that SLC25A23 has a ROS-dependent cell 

death function as knockdown of SLC25A23 preserved ATP, indicative of 

maintained m, intact proton pumping and decreased cell death. In particular, 

the enhanced survival following t-butyl hydroperoxide is especially significant as 

t-BH induction of cell death requires Ca2+ (Crompton and Costi, 1988) and can 

be rescued by EGTA (Crompton et al., 1987), establishing a link through 

SLC25A23 from Ca2+ to t-BH-induced cell death. Our results as a whole 

demonstrate that SLC25A23 enhances mitochondrial Ca2+ uptake. Functionally, 

SLC25A23 senses Ca2+ following GPCR stimulation and provides a response 

that enhances MCU-mediated mitochondrial Ca2+ uptake. Since the identification 

of mitochondrial Ca2+ current (Kirichok et al., 2004) several molecules including 

uncoupling proteins 2 and 3 (Trenker et al., 2007), LETM1 (Jiang et al., 2009), 
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MICU1 (Perocchi et al., 2010; Mallilankaraman et al., 2012b; Hoffman et al., 

2013), MCU (Baughman et al., 2011; De Stefani et al., 2011), MCUR1 

(Mallilankaraman et al., 2012a), MICU2 (Plovanich et al., 2013), MCUb (Raffaello 

et al., 2013), and EMRE (Sancak et al., 2013) have been described as 

mitochondrial Ca2+ signal integrators. In total, our study reveals SLC25A23 as a 

mitochondrial Ca2+ uptake regulator with significant ROS and cell death 

implications providing a mechanism for targeting of MCU-dependent Ca2+ 

overload. 
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SLC25A23 Figures 

 

Figure 3-4. RNAi-mediated silencing of SLC25A23, SLC25A24 and 
SLC25A25 reveals SLC25A23 reduces mitochondrial Ca2+ uptake.  

(A) qRT-PCR results of SLC25A23 KD,  

(B) SLC25A24 KD, and  

(C) SLC25A25 KD clones. SLC25A23 KD clones #864 and #867 show reduced 

mRNA levels by 95% and 95.2%, respectively.  
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Figure 3-5. Knockdown of SLC25A23 with #864 shRNA does not target 
SLC25A24 nor SLC25A25. qRT-PCR results of SLC25A23 #864 shRNA on 
SLC25A23, SLC25A24, and SLC25A25 mRNA levels. 



52 
 

 



53 
 

Figure 3-6. GPCR Stimulation of Mitochondrial Ca2+ Uptake with Histamine. 

(A) HeLa cells were stimulated with 100 M histamine at 50s. SLC25A23 clone 
864 shRNA cytosolic Ca2+ trace (top left), mitochondrial Ca2+ trace (bottom left), 
and quantitation of mitochondrial rhod-2 fluorescence (right).  

(B) SLC25A24 clone 594 shRNA cytosolic Ca2+ trace (top left), mitochondrial 

Ca2+ trace (bottom left), and quantitation of mitochondrial Ca2+ uptake (right).  

(C) SLC25A25 clone 739 shRNA cytosolic Ca2+ trace (top left), mitochondrial 

Ca2+ trace (bottom left), and quantitation of mitochondrial Ca2+ uptake (right).  
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Figure 3-7. GPCR Stimulation of Mitochondrial Ca2+ Uptake Monitored with 
Plasmid-based Sensor. 

(A) Representative image of transiently transfected HeLa cells expressing 
mitochondria-targeted Ca2+ indicator GCaMP2.  

(B) GCaMP2-mt HeLa cells were stimulated with 100 M histamine at 60s. 

SLC25A23 clone 864 mitochondrial Ca2+ trace (GCaMP2; scale 0-4096 f.a.u.).  

(C) SLC25A24 KD mitochondrial Ca2+ trace.  

(D) SLC25A25 KD mitochondrial Ca2+ trace. 
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Figure 3-8. Quantitation of Ca2+ Clearance and Accumulation.  

(A) SLC25A23 KD and Neg shRNA HeLa cells cytosolic Ca2+ clearance trace 
(Fluo-4; scale 0-4096 f.a.u.).  

(B) Quantitation of cytosolic Ca2+ clearance as area under the curve. Data are 

mean ± S.E.M. (n = 3-5). *P<0.05 compared to neg shRNA. 
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Figure 3-9.  Knockdown of SLC25A23 reduces mitochondrial Ca2+ uptake 
rate.  

(A) Average traces with mean data point for each time point plotted with standard 

error of permeabilized (40 g/ml digitonin) HeLa cells loaded with the ratiometric 

Ca2+ indicator Fura2-FF were pulsed with 10 M Ca2+ at 350s to measure 

mitochondrial Ca2+ uptake, followed by addition of the 1mM RU360 at 550s, 10 

M CGP37157 at 610s and 2 M uncoupler, CCCP, at 750s. SLC25A23 KD 

showed reduced extra mitochondrial Ca2+ clearance.  

(B) Zoom of Ca2+ uptake from panel A (between 300-550 seconds).  
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Figure 3-10.  Quantitation of Mitochondrial Influx, Efflux, and Ca2+ 
Accumulation In LETM1 Deficient Cells. 

(A) Quantitation of Ca2+ influx rate  

(B) Quantitation of Ca2+ efflux rate after addition of Ru360.  

(C) Quantitation of CCCP-induced Ca2+ release shows no significant difference in 

total Ca2+. Data are mean ± S.E.M. (n = 3). **P<0.01 compared to Neg shRNA. 

n.s.; (not significant). 
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Figure 3-11. Knockdown of SLC25A24 does not reduce mitochondrial Ca2+ 
uptake rate.  

(A) Average traces with mean data point for each time point plotted with standard 
error of permeabilized (40 g/ml digitonin) HeLa cells loaded with the ratiometric 
Ca2+ indicator fura2-FF were pulsed with 10 M Ca2+ at 350s to measure 
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extramitochondrial Ca2+ clearance, followed by addition of the 1 M Ru360 at 
550s, 10 M CGP37157 at 610s and 2 M uncoupler CCCP at 750s.  

(B) Zoom of Ca2+ uptake from panel A (between 300-550 seconds). 
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Figure 3-12 Knockdown of SLC25A25 does not reduce mitochondrial Ca2+ 
uptake rate. 

(A) Average traces with mean data point for each time point plotted with standard 
error of permeabilized (40 g/ml digitonin) HeLa cells loaded with the ratiometric 
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Ca2+ indicator fura2-FF were pulsed with 10 M Ca2+ at 350s to measure 
extramitochondrial Ca2+ clearance, followed by addition of the 1 M Ru360 at 
550s, 10 M CGP37157 at 610s and 2 M uncoupler CCCP at 750s.   

(B) Zoom of Ca2+ uptake from panel A (between 300-550 seconds). 

 

 

Figure 3-13 Knockdown of SLC25A24 or SLC25A25 does not reduce 
mitochondrial Ca2+ uptake rate.  

(A) Quantitation of mitochondrial Ca2+ influx rate  

(B) Quantitation of mitochondrial Ca2+ efflux rate after addition of Ru360.  

(C) Quantitation of CCCP-induced Ca2+ release. Data are mean ± S.E.M. (n = 3). 
n.s. (not significant) compared to Neg shRNA. 
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Figure 3-14.  Scheme depicting EF1 and EF2 mutant constructs.  
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Figure 3-15.  HeLa cells were transfected with EF hand mutants and 
localization to the mitochondria was visualized with mitochondrial indicator 
TMRE.  
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Figure 3-16.  SLC25A23 EF hand mutants dampen mitochondrial Ca2+ 
uptake.  

(A) EF1 and EF2 mutants show decreased mitochondrial Ca2+ uptake assessed 

by confocal imaging following histamine stimulation.  

(B) Quantitation of mitochondrial Ca2+ peak uptake using mitochondrial Ca2+ 

indicator Rhod-2 AM. Data are mean ± S.E.M. (n = 3). *P<0.05 compared to neg 

shRNA. 
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Stably MCU-GFP expressing COS7 cells were transfected with Flag-tagged full-

length MICU1 or SLC25A23. Following immunoprecipitation with GFP antibody, 

Figure 3-17. SLC25A23 Interacts with MCU. 



70 
 

total cell lysates and immunoprecipitated materials were subjected to Western 

blot analysis. Cell lysates were probed with anti-Flag (top left) or anti-GFP 

antibodies (bottom left) to serve as inputs. Immunoprecipitated samples were 

probed with anti-Flag (top right) or anti-GFP antibodies (bottom right). Anti-GFP 

antibodies co-immunoprecipitate full-length MICU1 and SLC25A23. n = 3.  

 

 

Figure 3-18. SLC25A23 interacts with MICU1. 
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Stably MICU1-HA expressing COS7 cells were transfected with Flag-tagged 

SLC25A23. Following immunoprecipitation with anti-HA antibody, total cell 

lysates and immunoprecipitated materials were subjected to Western blot 

analysis. Cell lysates were probed with anti-Flag (top left) or anti-HA antibodies 

(bottom left) to serve as inputs. Immunoprecipitated samples were probed with 

anti-flag (top right) or anti-HA antibodies (bottom right). Anti-HA antibodies to 

MICU1-HA co-immunoprecipitate Flag tagged SLC25A23. n = 3.  
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Figure 3-19. SLC25A23 Modulates IMCU.  

(A) Mitoplast current (IMCU) from HeLa cells were recorded before and after 
application 5 mM Ca2+ to the bath medium. Currents were measured during a 
voltage-ramp as indicated. Traces are a representative single recording of IMCU 
from Neg shRNA (black) and SLC25A23 KD (gray) n = 5-6.  

(B) Traces are a representative single recording of IMCU. IMCU was recorded in the 

presence of 5 mM Ca2+ and 300 M inorganic phosphate in Neg shRNA (black) 

and SLC25A23 KD (gray) n = 6. 

(C) IMCU densities (pA/pF) for Neg shRNA (black) and SLC25A23 KD (gray). 

Mean ± SEM; *P< 0.05 and ***P< 0.001; ns = not significant, n = 5-6. 
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Figure 3-20. Ectopic expression of #864 shRNA insensitive SLC25A23 
rescue plasmid construct in #864 KD cells shows SLC25A23 rescue 
expression and targeting to the mitochondria. 

HeLa cells were co-transfected with #864 shRNA insensitive SLC25A23 cDNA 

and mitochondrial markers and expression were visualized by confocal 

microscopy. (Top) Myc-Flag-tagged SLC25A23 Rescue with mito dsRed or 

(Bottom) Myc-Flag-tagged SLC25A23 Rescue with mito-YFP (mYFP).  
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Figure 3-21. SLC25A23 knockdown prevents mitochondrial Ca2+ uptake and 

subsequently preserves m.  

(A) Mitochondrial morphology and m was assessed by confocal microscopy 
using TMRE and Rhodamine 123. Hoechst 33342 was used as a nuclear marker.  

(B) Quantitation of confocal TMRE fluorescence.  
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Figure 3-22. SLC25A23 Preserves m Following During Ca2+ Bolus. 

(A) Representative traces of permeabilized (40 g/ml digitonin) HeLa cells loaded 

with the ratiometric Ca2+ indicator Fura-2FF and ratiometric m fluorophore JC-

1 were pulsed with 10 M Ca2+ to trigger m loss, followed by addition of the 

uncoupler CCCP (1 M). m loss was similar between Neg shRNA control and 

partial knockdown clone 863. Clone 864 shows abrogated m loss after 6 Ca2+ 

pulses, and the first pulse is not completely cleared from the cytosol.  

(B) Quantitation after the addition of uncoupler, CCCP, shows m preservation 

in clone #864. Data are mean ± S.E.M. (n = 3-5). *P<0.05, **P<0.01 and ns = not 

significant compared to Neg shRNA. 
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Figure 3-23. Knockdown of SLC25A23 does not alter Mitochondrial DNA.  

(A) HeLa cells were transfected with mito-GFP (green) and cells were 

immunostained with anti-DNA antibody (red). Images were acquired using Carl 

Zeiss LSM 710 META NLO imaging system. Representative images of Neg 

shRNA (top), clone 863 (middle) and clone 864 (bottom).  

(B) Quantitation of total mitochondrial anti-DNA spots per cell as determined by 

ImageJ particle Analyzer counting all resolvable (>0.37 m) binary colored 

particles.  
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Figure 3-24. Knockdown of SLC25A23 does not alter Oxygen Consumption 
Rate. 

(A) Oxygen consumption was measured in permeabilized HeLa cells following 
addition of 5 mM malate/pyruvate, 100 nM rotenone (complex I), 5 mM succinate, 
(complex II/III), 0.25 mM TMPD/ 5 mM ascorbate, and 1 µM of sodium azide 
(NaN3) (complex IV). Representative traces of Neg shRNA, SLC25A23 clone 
#864, and SLC25A23 #864 rescue clone.  

(B) Quantitation of Complex IV oxygen consumption rate. 
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Figure 3-25. Knockdown of SLC25A23 did not alter NAD(P)H 
autofluorescence in HeLa cells.  

(A) Ablation of SLC25A23 does not alter basal cellular NAD(P)H levels. HeLa 
cells were treated with 40 µM of complex I inhibitor, rotenone. A dual-wavelength 
fluorimeter was used to measure fluorescence change at a wavelength of 350 
nm excitation and 460 nm emission.  

(B) NAD(P)H autofluorescence after treatment with complex I inhibitor, rotenone.  
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Figure 3-26. Knockdown of SLC25A23 reduced mROS. 

(A) HeLa cells were loaded with mitochondrial superoxide indicator, MitoSOX 

Red and nuclear marker, Hoechst 33342.  

(B) Quantitation of MitoSOX Red fluorescence.  
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Figure 3-27. Loss of SLC25A23 increases ROS. 

(A) HeLa cells were loaded with reduced glutathione indicator, 

monochlorobimane (mBCl) and imaged using Carl Zeiss LSM 510 with 405 nm 

excitation.  

(B) Quantitation of mBCl-GSH fluorescence. Data are mean ± S.E.M. (n = 3). 

*P<0.05, **P<0.01 and ***P<0.001 compared to #864 shRNA or Neg shRNA. 
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Figure 3-28. SLC25A23 KD Preserves ATP following ROS challenge.  

Knockdown of SLC25A23 preserves ATP levels following oxidants challenge. 

HeLa cells (neg shRNA, 863, and 864) were challenged with superoxide 

generation system (xanthine + xanthine oxidase), hydrogen peroxide (H2O2), t-

butyl hydroperoxide, or ionomycin. After six hours, cellular ATP levels were 

assessed using CellTiter-Glo Luminescent kit.  
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Figure 3-29. Knockdown of SLC25A23 preserves cell viability.  

(A) HeLa cells (Neg shRNA, #863 and #864) were treated with t-butyl 

hydroperoxide for six hours then stained with cell death markers Annexin V and 

propidium iodide.  

(B) Quantitation of Annexin V positive staining. Data are mean ± S.E.M. (n = 3). 

*P<0.05, **P<0.01 and ***P<0.001 and ns, not significant compared to Neg 

shRNA or #864 shRNA. 
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CHAPTER 4 MICU1 MOTIFS DEFINE 
MITOCHONDRIAL CALCIUM UNIPORTER 
BINDING AND ACTIVITY  
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MICU1 Statement of Goals The goal of these experiments is to examine the 

relationship between MCU and a distinct family of solute carriers (SLC25 family). 

 

Specific Aim 1 

Investigate Sub-Mitochondrial Localization of MICU1 

A) Examine MICU1 Release Following Outer Membrane Permeabilization 

B) Examine MICU1 Release Following Inner Membrane Permeabilization 

C) Examine MICU1 Localization with Western Blot and diffusion with FRAP 

analysis. 

 

The MCU pore subunit is located in the inner mitochondrial membrane 

(IMM), and thus its regulator, MICU1, must be present in either the 

intermembrane space or the matrix side of the mitochondrial inner membrane. To 

determine the suborganellar localization of MICU1, we will develop a dynamic 

protein flux assay using confocal microscopy in which the outer mitochondrial 

membrane (OMM) or both the OMM and IMM of the mitochondria will be 

selectively permeabilized and release of MICU1 will subsequently be visualized 

from the mitochondrial compartments. HeLa cells will be cotransfected with 

expression vector pairs encoding yellow fluorescent protein (YFP)-tagged MICU1 

and monomeric red fluorescent protein (mRFP)-tagged mitochondrial targeting 

sequence of matrix-localized cytochrome c oxidase subunit 8 (COX8) or 

mitochondrial intermembrane space protein, GFP-tagged cytochrome c (cyto c) 

cotransfected with mRFP-COX8. Combinations of both cyto c/COX8 and 
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MICU1/COX8 will be  examined for general mitochondrial localization. To 

visualize the MICU1 compartmentalization, the plasma membrane will be per-

meabilized using 0.002% digitonin (20 mg/ml) and permeabilized cells will be 

bathed in digitonin-free intracellular medium (ICM) before exposure to 

mitochondrial permeabilizing agents.  

The cyto c/COX8 cotransfected permeabilized cells will be subjected to 

mastoparan (20 mg/ml), a wasp venom peptide toxin that induces OMM 

permeabilization (Pfeiffer et al., 1995; Kluck et al., 1999). The release of 

intermembrane-space-resident proteins due to mastoparan will be visualized by 

confocal microscopy in real time. OMM permeabilization by mastoparan may 

rapidly release cyto c, but not matrix-localized COX8. Similarly, MICU1-

YFP/COX8-mRFP permeabilized cells will be exposed to mastoparan. We may 

find that mitochondrial localized MICU1 and COX8 were not released from the 

mitochondrial intermembrane space.  We will next ask whether permeabilization 

of both the OMM and the IMM promotes MICU1 release from the mitochondrial 

matrix. Permeabilized cells will be exposed to a fungal peptide, alamethicin (20 

mg/ml) that induces large pores in both mitochondrial membranes (Kluck et al., 

1999). Permeabilization of both membranes will induce the release of COX8 from 

the matrix in addition to cyto c from the intermembrane space. It has been 

recently reported that MICU1 exists in the intermembrane space (Csorda´ s et 

al., 2013). The integral inner membrane channel pore subunit MCU will not 

release by mastoparan or alamethicin permeabilization due to its transmembrane 

structure. The dynamic protein flux assay will be complemented by western blot 
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analysis. Further, we will examine whether MCU and MICU1 diffuse rapidly after 

photobleaching. Photobleaching of MICU1 and MCU will be subject to FRAP to 

assay diffusion capability which provides an assessment of association with the 

inner membrane.  
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Specific Aim 2 

Investigate the Interacting Domains of MICU1 and MCU 

A) Examine the Interacting domains of MICU1 with MCU 

B) Examine the Interacting domains of MCU with MICU1 

C) Validation of MCU interaction domains by FRET analysis and yeast two-

hybrid assay.  

 

Although MICU1 and MCU form a complex (Perocchi et al., 2010; 

Mallilankaraman et al., 2012b), it is not known which regions of MICU1 and MCU 

determine binding. To map the binding regions of MICU1 and MCU, we will 

generate five hemagglutinin (HA)-tagged MICU1 truncation mutants (Figure 4-6) 

and transfect these into COS-7 cells stably expressing GFP-tagged full-length 

MCU. The transfected cell lysates will be subjected to immunoprecipitation and 

western blot analysis. Immunoprecipitation of GFP-tagged MCU will determine 

which amino acids of MICU1 interact with MCU. We examined the MICU1 amino 

acid sequence for evolutionarily conserved interaction motifs and found a series 

of positively charged lysine residues (amino acids [aa] 99–110) which 

corresponds to the consensus sequence of a polybasic region motif which is 

known as not only an interaction motif but also as a membrane-anchoring motif 

(Hancock et al., 1990; Williams, 2003; Papayannopoulos et al., 2005; Heo et al., 

2006). The polybasic N-terminal region domain will be mutated to polyglutamine 

(MICU1-K) to examine whether MICU1-K has reduced MCU interactions. To 

determine if the EF hands are necessary for MCU binding, both EF hands will be 
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mutated. We next ask whether EF hands’ Ca
2+ 

binding domains may participate 

in MCU/MICU1 binding co-immunoprecipitation.  

Next to map which regions of MCU bind MICU1, we will create three MCU 

truncation mutants stably expressing in COS-7 cells that lack aa 150–220 (MCU-

1), aa 291–320 (MCU-2), or aa 321–351 (MCU-3; Figure 4-13). Then, these 

stable cells will be transfected with full-length MICU1-HA plasmid constructs. To 

validate the co-immunoprecipitation data, we will perform fluorescence 

resonance energy transfer (FRET) acceptor photobleaching. Further, we will also 

conduct interaction studies by yeast two-hybrid assay. Collectively, these results 

will demonstrate the interacting regions of MCU and MICU1.  
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Specific Aim 3 

Investigate the Role of MICU1 EF-hand and Polybasic Motifs in IMCU 

A) Investigate the Role of MICU1 EF-hand in IMCU 

B) Investigate the Role of the Polybasic Motif in IMCU 

 

To evaluate the possibility of MICU1 oligomerization, we will develop a co-

immunoprecipitation strategy using co-transfection of two MICU1 constructs 

(MICU1-HA and MICU1-Flag) in COS-7 cells. Similarly, COS-7 cells will be 

cotransfected with MICU1Flag and MICU1-K-YFP plasmid constructs. These 

results will demonstrate if the polybasic region of MICU1 is a MICU1/MICU1 

interaction domain. Having determined the binding regions of MCU and MICU1 

through a series of deletion and mutation analysis, we will next ask whether 

MICU1-K and MICU1-EF1EF2 affect MCU-mediated [Ca
2+

]m uptake. 

Permeabilized control, MICU1-K, and MICU1-EF1EF2-expressing HeLa cells 

will be loaded with Fura-FF to determine [Ca
2+

]m uptake rate as a decay of 

extramitochondrial Ca
2+ 

and JC-1 to simultaneously monitor mitochondrial 

membrane potential (m) dynamics. MICU1 actively inhibits MCU at cytosolic 

Ca
2+ 

levels <3 mM (Mallilankaraman et al., 2012b). Therefore, to determine the 

phenotype of the MICU1-K, HeLa cells will be challenged with a 1 mM Ca
2+ 

bolus, well within the functional inhibitory range of wild-type MICU1. We found 

that MICU1-K cells rapidly cleared the 1 mM Ca
2+ 

bolus under normal m 

indicating the loss of MICU1 inhibition of MCU activity at <3 mM. Next, we will 
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examine the total amount of Ca
2+ 

buffered by control and MICU1-K 

mitochondria using the mitochondrial uncoupler, CCCP. MICU1-K-

overexpressing cells accumulated large amounts of Ca
2+ 

which will suggest if 

MICU1-K is able to properly interact with MCU to establish the set point for 

MCU-mediated Ca
2+ 

uptake. Functionally, MICU1 EF hands are the Ca
2+ 

sensors 

of the MCU complex, and (Mallilankaraman et al., 2012b) in which the 

mitochondria constitutively accumulate Ca2+ that would otherwise remain as 

cytosolic Ca2+. These data will indicate if both polybasic and EF hands are 

essential for MICU1 regulation of MCU.  

 

Specific Aim 4 

Investigate the Role of MICU1 in Human Subjects 

A) Investigate the protein expression of MICU1 and MCU in CVD subjects. 

B) Investigate IMCU and ROS in CVD subjects. 

C) Endothelial Migration Assay with MICU1 Rescue  

D) Examine whether in vivo KD of MICU1 alters Vascular Integrity 

 

The ability of MICU1 to suppress MCU-mediated basal mitochondrial Ca
2+ 

accumulation suggests that MICU1, rather than the MCU pore, is sensing Ca
2+ 

uptake from the cytosol (Mallilankaraman et al., 2012b). Ablation of MICU1 

causes mitochondrial Ca
2+

 -dependent chronic oxidant elevation and cellular 

stress. Therefore, we will test whether MICU1 downregulation impacts 
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pathophysiological endothelial cell (EC) function. Because EC function is 

compromised in various cardiovascular disease states (Libby et al., 2006), we 

will perform quantitative RT-PCR (qRT-PCR) to assess MICU1 expression in 

human control and cardiovascular disease (CVD)-derived primary ECs.   

To examine if loss of MICU1 led to more MCU activity, mitochondria will 

be isolated for mitoplast patch-clamp. Aberrant basal mitochondrial Ca
2+ 

uptake 

may lead to mitochondrial oxidative stress in the form of superoxide, which is 

produced when electrons leak from the electron transport chain to react with 

molecular oxygen. We will next test whether elevated reactive oxygen species 

(ROS) from MICU1 knockdown lowers antioxidant levels and alters EC 

proliferation (Balaban et al., 2005). Total reduced glutathione (GSH) content will 

be assessed in EA.hy926 ECs expressing MICU1 shRNA or MICU1 shRNA + 

shRNA-insensitive MICU1. Another key functional question is whether loss of 

MICU1 leads to altered angiogenesis in CVD or an altered monocyte adhesion 

phenotype.  

To explore the human MICU1 phenotype, we will silence MICU1 in mice 

and investigated the mitochondrial Ca
2+ 

handling and vascular integrity. We will 

also test the MICU1 mRNA levels in cardiomyocytes, smooth muscle cells 

(SMCs), and splenocytes. Collectively, these results will show whether loss of 

MICU1 leads to aberrant EC mitochondrial Ca
2+ 

handling and vascular pathology.  
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Resting mitochondrial matrix is maintained through a mitochondrial 

calcium uptake 1 (MICU1) established threshold inhibition of mitochondrial cal-

cium uniporter (MCU) activity. It is not known how MICU1 interacts with MCU to 

establish this Ca
2+ 

threshold for mitochondrial Ca
2+ 

uptake and MCU activity. 

Here, we show that MICU1 localizes to the mitochondrial matrix side of the inner 

mitochondrial membrane and MICU1/MCU binding is determined by a MICU1 N-

terminal polybasic domain and two interacting coiled-coil domains of MCU. 

Further investigation reveals that MICU1 forms homo-oligomers, and this 

oligomerization is independent of the polybasic region. However, the polybasic 

region confers MICU1 oligomeric binding to MCU and controls mitochondrial Ca
2+ 

current (IMCU). Moreover, MICU1 EF hands regulate MCU channel activity, but do 

not determine MCU binding. Loss of MICU1 promotes MCU activation leading to 

oxidative burden and a halt to cell migration. These studies establish a molecular 

mechanism for MICU1 control of MCU mediated mitochondrial accumulation, and 

dysregulation of this mechanism probably enhances vascular dysfunction. Here, 

we show that MICU1 interacts with MCU in the mitochondrial matrix, and 

MICU1/MCU binding is determined by a MICU1 N-terminal polybasic domain and 

two coiled-coil MCU domains. MICU1 EF hands regulate MCU channel activity, 

but not MICU1/MCU binding. Additionally, loss of MICU1 induces MCU activity 

leading to vascular endothelial oxidative stress and diminished endothelial cell 

migration.  

Results 
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Protein Flux Analysis Establishes MICU1 Is Compartmentalized in 

the Mitochondrial Matrix  

The MCU pore subunit is located in the inner mitochondrial membrane 

(IMM), and thus its regulator, MICU1, must be present in either the 

intermembrane space or the matrix side of the mitochondrial inner membrane. To 

determine the suborganellar localization of MICU1, we developed a dynamic 

protein flux assay using confocal microscopy in which the outer mitochondrial 

membrane (OMM) or both the OMM and IMM of the mitochondria were 

selectively permeabilized and release of MICU1 was subsequently visualized 

from the mitochondrial compartments. HeLa cells were cotransfected with 

expression vector pairs encoding yellow fluorescent protein (YFP)-tagged MICU1 

and monomeric red fluorescent protein (mRFP)-tagged mitochondrial targeting 

sequence of matrix-localized cytochrome c oxidase subunit 8 (COX8) (Figure 4-

1, B) or mitochondrial intermembrane space protein, GFP-tagged cytochrome c 

(cyto c) cotransfected with mRFP-COX8 (Figure 4-1,B). Combinations of both 

cyto c/COX8 and MICU1/COX8 showed general mitochondrial localization 

(Figures 4-1, A and B). To visualize the MICU1 compartmentalization, the plasma 

membrane was permeabilized using 0.002% digitonin (20 mg/ml) and 

permeabilized cells were bathed in digitonin-free intracellular medium (ICM) 

before exposure to mitochondrial permeabilizing agents.  

The cyto c/COX8 cotransfected permeabilized cells were subjected to 

mastoparan (20 mg/ml), a wasp venom peptide toxin that induces OMM 

permeabilization (Pfeiffer et al., 1995; Kluck et al., 1999). The release of 
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intermembrane-space-resident proteins due to mastoparan was visualized by 

confocal microscopy in real time. OMM permeabilization by mastoparan rapidly 

released cyto c, but not matrix-localized COX8 (Figures 4-1, C and E). Similarly, 

MICU1-YFP/COX8-mRFP permeabilized cells were exposed to mastoparan. We 

found that mitochondrial localized MICU1 and COX8 were not released from the 

mitochondrial intermembrane space (Figures 4-1, D and F). We next asked 

whether permeabilization of both the OMM and the IMM promotes MICU1 

release from the mitochondrial matrix. Permeabilized cells were exposed to a 

fungal peptide, alamethicin (20 mg/ml), that induces large pores in both 

mitochondrial membranes (Kluck et al., 1999). Permeabilization of both 

membranes induced the release of COX8 from the matrix in addition to cyto c 

from the intermembrane space (Figures 4-1, G and I, and Figure 4-3). It has 

been recently reported that MICU1 exists in the intermembrane space (Csorda´ s 

et al., 2013), but similar to COX8, MICU1 was released only upon  

permeabilization of both the OMM and IMM by alamethicin (Figures 4-1, H and J, 

and Figure 4-3). The integral inner membrane channel pore subunit MCU was 

not released by mastoparan or alamethicin permeabilization (Figure 4-2, A-E). 

The dynamic protein flux assay was complemented by western blot analysis. As 

expected, cyto c was released by both mastoparan and alamethicin and 

appeared in the cytosolic supernatant (Figure 4-4). MICU1 was only released by 

alamethicin, whereas integral membrane MCU was not released by either 

mastoparan or alamethicin (Figure 4-4). A soluble mitochondrial matrix protein 

heat shock protein 60 (HSP60) was used as a substitute for COX8 (Figure 4-4). 
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Further, we examined whether MCU and MICU1 diffuse rapidly after 

photobleaching. Photobleaching of MICU1, but not MCU, showed rapid 

fluorescence recovery after photobleaching (FRAP). This result suggested that 

MICU1 is less associated with the IMM than MCU (Figure 4-5). These results 

reveal that MICU1 is compartmentalized in the mitochondrial matrix side of the 

IMM. 

Mapping of MICU1-and MCU-Binding Regions Reveals Conserved MICU1 

Polybasic Motif Domains, but Not EF Hand Domains, Are Essential for 

MCU Binding  

Although MICU1 and MCU form a complex (Perocchi et al., 2010; 

Mallilankaraman et al., 2012b), it is not known which regions of MICU1 and MCU 

determine binding. To map the binding regions of MICU1 and MCU, we 

generated five hemagglutinin (HA)-tagged MICU1 truncation mutants (Figure 4-6) 

and transfected these into COS-7 cells stably expressing GFP-tagged full-length 

MCU. The transfected cell lysates were subjected to immunoprecipitation and 

western blot analysis. Immunoprecipitation of GFP-tagged MCU pulled down all 

MICU1 truncation mutants except deletion of amino acids 131–200 (MICU1-2) 

(Figure 4-7). Intriguingly, the MICU1-1 (deletion of amino acids 61–130) partially 

interacts with wild-type MCU (Figure 4-7). Although the effect of the MICU1-2 

deletion was profound, lack of any interaction suggests a conformational 

deformity of MICU1-2 as a result of the truncation. In contrast, the partial 

interaction of MICU1-1 suggests that the protein is maintaining an interacting 

tertiary structure that is recognized by MCU. Therefore, we examined the MICU1-
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1 amino acid sequence for evolutionarily conserved interaction motifs and found 

a series of positively charged lysine residues (amino acids [aa] 99–110) (Figure 

4-8, A-C, and Figure 4-9, A-B) which corresponds to the consensus sequence of 

a polybasic region motif which is known as not only an interaction motif but also 

as a membrane-anchoring motif (Hancock et al., 1990; Williams, 2003; 

Papayannopoulos et al., 2005; Heo et al., 2006). The polybasic N-terminal region 

domain was mutated to polyglutamine (MICU1-K) (Figure 4-10), and MICU1-K 

reduced MCU interactions (Figure 4-11); however, MICU1-K still localized to the 

mitochondria (Figure 4-9). The marked, but not complete, loss of interaction with 

MCU suggests the MICU1 polybasic region motif is a determinant of 

MICU1/MCU interaction. The profound loss of binding in MICU1-2 may be a 

consequence of the deleted region’s proximity to an EF hand of MICU1. To 

determine if the EF hands are necessary for MCU binding, both EF hands were 

mutated (Figure 4-10). Although functionally important (Perocchi et al., 2010; 

Mallilankaraman et al., 2012b; Hoffman et al., 2013), the EF hands of MICU1 did 

not determine MCU binding (Figure 4-12). This result also demonstrates that 

although MICU1-DK has functional EF hands, it failed to interact with MCU 

(Figure 4-12). We next asked whether EF hands’ Ca
2+ 

binding domains may 

participate in MCU/MICU1 binding. We therefore tested whether Ca
2+ 

determines 

MICU1/ MCU binding using MICU1 full-length and single and double EF1 and 

EF2 mutants. Our co-immunoprecipitation data demonstrated that MICU1/MCU 

binding is independent of [Ca
2+

] (Figure 4-12). Together, these results indicate 
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that the polybasic region, but not the EF hands of MICU1, are determinant of 

MCU binding.  

MCU Coiled-Coil Domains Are Determinants of MICU1 Binding  

Next to map which regions of MCU bind MICU1, we created three MCU 

truncation mutants stably expressing in COS-7 cells that were lacking aa 150–

220 (MCU-1), aa 291–320 (MCU-2), or aa 321–351 (MCU-3; Figure 4-13). 

Then, these stable cells were transfected with full-length MICU1-HA plasmid 

constructs. The pull-down of full-length MICU1-HA was unable to immuno-

precipitate MCU-1 and MCU-3 suggesting that these regions corresponding to 

MCU coiled-coil domains are essential for MICU1 binding (Figure 4-14 and 

Figure 4-15). To validate the co-immunoprecipitation data, we performed 

fluorescence resonance energy transfer (FRET) acceptor photobleaching to 

determine whether MCU-1 and -3 interact with MICU1. Coexpression of 

mitochondrial marker COX8A-mRFP and MCU-GFP constructs revealed that 

MCU 1, 2, and D3 mutants did not alter the mitochondrial targeting (Figure 4-

15). Comparable protein expressions of wild-type, 1, 2, and 3 MCU-GFP 

were selected for FRET analysis. Expectedly, MCU-GFP and MICU1-YFP 

interact; however, neither MCU-GFP nor MICU1-YFP interact with matrix-

localized COX8A-RFP (Figure 4-16 A–F). Similar to co-immunoprecipitation 

analysis, MCU wild-type and MCU-2, but not MCU-1 and MCU-3, interact 

with MICU1 (Figures 4-16, A and D–F). Further, we have also conducted 

interaction studies by yeast two-hybrid assay (Figure 4-17). In support of co-im-

munoprecipitation and FRET, MCU wild-type and MCU-2 showed positive blue 
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colonies, but MCU-D1 and MCU-D3 did not, indicating that MCU wild-type and 

MCU-2 interact with MICU1 (Figure 4-18). Collectively, these results 

demonstrate that MCU-1 and MCU-3, regions corresponding to the coiled-coil 

domains, are necessary for interaction with MICU1.  

MICU1 Polybasic Region and EF Hands Regulate MCU-Mediated 

Mitochondrial Ca
2+ 

Uptake  

We next sought to characterize whether MICU1 undergoes 

oligomerization as a mechanistic step in regulation of MCU-mediated Ca
2+ 

uptake. To evaluate the possibility of MICU1 oligomerization, we developed a co-

immunoprecipitation strategy using cotransfection of two MICU1 constructs 

(MICU1-HA and MICU1-Flag) in COS-7 cells. Co-immunoprecipitation of MICU1-

Flag with HA antibody indicated that MICU1-HA and MICU1-Flag are able to form 

oligomeric complexes (Figure 4-19). Similarly, COS-7 cells were cotransfected 

with MICU1Flag and MICU1-K-YFP plasmid constructs. Co-immunopre-

cipitation of MICU1-Flag with GFP antibody indicated that MICU1-Flag is still able 

to oligomerize with MICU1-K (Figure 4-20). These results demonstrate that the 

polybasic region of MICU1 is not a MICU1/MICU1 interaction domain but instead 

supports the polybasic region’s role in MCU interaction. 

MICU1 Polybasic and EF Hand Motifs Regulate IMCU 

Having determined the binding regions of MCU and MICU1 through a 

series of deletion and mutation analysis, we next asked whether MICU1-DK and 

MICU1-EF1EF2 affect MCU-mediated [Ca
2+

]m uptake. Permeabilized control, 
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MICU1-K, and MICU1-EF1EF2-expressing HeLa cells were loaded with 

Fura-FF to determine [Ca
2+

]m uptake rate as a decay of extramitochondrial Ca
2+ 

and JC-1 to simultaneously monitor mitochondrial membrane potential (m) 

dynamics. MICU1 actively inhibits MCU at cytosolic Ca
2+ 

levels <3 mM 

(Mallilankaraman et al., 2012b). Therefore, to determine the phenotype of the 

MICU1-K, HeLa cells were challenged with a 1 mM Ca
2+ 

bolus, well within the 

functional inhibitory range of wild-type MICU1. We found that MICU1-K cells 

rapidly cleared the 1 mM Ca
2+ 

bolus under normal m indicating the loss of 

MICU1 inhibition of MCU activity at <3 mM. Conversely, control cells did not 

exhibit MCU-dependent Ca
2+ 

uptake (Figure 4-21 A-E), because the MICU1 

inhibition was intact. Next, we examined the total amount of Ca
2+ 

buffered by 

control and MICU1-K mitochondria using the mitochondrial uncoupler, CCCP. 

MICU1-K-overexpressing cells accumulated large amounts of Ca
2+ 

(Figure 4-

21, C) suggesting that MICU1-K is unable to properly interact with MCU to 

establish the set point for MCU-mediated Ca
2+ 

uptake. Functionally, MICU1 EF 

hands are the Ca
2+ 

sensors of the MCU complex, and (Mallilankaraman et al., 

2012b) in which the mitochondria constitutively accumulate Ca2+ that would 

otherwise remain as cytosolic Ca2+ (Figures 4-22 A–E). These data indicate that 

both polybasic and EF hands are essential for MICU1 regulation of MCU.  

MICU1 Polybasic and EF Hand Motifs Regulate IMCU in HeLa cells.  

Because MCU-mediated mitochondrial Ca2+ uptake is regulated by 
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MICU1, we examined whether MICU1-K or MICU1-EF1EF2 mutants were 

able to regulate MCU current (IMCU) in HeLa cells. To measure IMCU, we utilized 

mitoplast patch clamp (Chaudhuri et al., 2013; Fieni et al., 2012; Joiner et al., 

2012; Kirichok et al., 2004). As a first step, freshly isolated mitochondria  were 

loaded with m indicator, rhodamine 123, and the mitoplast preparation was 

confirmed by confocal imaging (Figure 4-23, inset). In the patch-clamp of whole-

mitoplast configuration, the addition of 2 mM Ca
2+ 

to the bath elicited an inwardly 

rectifying Ca
2+ 

current that is almost completely blocked by 50 nM Ru360 

(Kirichok et al., 2004; Figure 4-23). Next, we examined if knockdown of human 

MICU1 or MCU proteins altered IMCU. Compared to control conditions, IMCU in 

mitoplasts from MCU knockdown (MCU KD) cells was significantly lower (Figure 

4-24) which is correlated with MCU-mediated Ca
2+ 

uptake (Figure 4-25 and 

Figure 4-26). In sharp contrast, stable knockdown of MICU1 exhibited larger IMCU 

(Figure 4-24). Finally, we conducted mitoplast patch-clamp recordings in MICU1-

K and MICU1-EF1EF2 mutants overexpressing HeLa cells. The 

electrophysiology revealed that MICU1-K and EF1EF2 mitoplasts exhibited 

larger MCU current densities when compared to MCU currents from wild-type 

(Figure 4-27 and Figure 4-28). Having demonstrated the MCU 1 and 3 role in 

MICU1 binding, we next tested whether deletion of coiled-coil domains alter IMCU. 

MCU number 861 small hairpin RNA (shRNA)-insensitive MCU full-length and 

mutant constructs were stably expressed in MCU KD HeLa cells, and IMCU was 

measured (Figure 4-29). Reconstitution of full-length MCU in MCU KD mitoplasts 

re-established IMCU (Figure 4-30 and Figure 4-31). Interestingly, MCU-1 and 
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MCU-3 generated larger IMCU than MCU-2 indicating that MCU-1 and -3 

regions are necessary for MICU1-mediated regulation of MCU activity. Taken 

together, these data strongly support that loss of MICU1 polybasic or EF hands 

increase the IMCU, exhibiting dominant negative phenotypes.  

Loss of MICU1 Promotes Mitochondrial Ca
2+ 

Accumulation and Oxidative 

Burden, Halting Endothelial Cell Migration  

The ability of MICU1 to suppress MCU-mediated basal mitochondrial Ca
2+ 

accumulation suggests that MICU1, rather than the MCU pore, is sensing Ca
2+ 

uptake from the cytosol (Mallilankaraman et al., 2012b). Ablation of MICU1 

causes mitochondrial Ca
2+

 -dependent chronic oxidant elevation and cellular 

stress. The MICU1 and MCU expression profiles in cell lines and primary cells 

indicated that human aortic endothelial cells have relatively high levels of MICU1 

mRNA when compared to other cell types (Figure 4-32, A and B; (Aichberger et 

al., 2005)). Nevertheless, MCU mRNA levels were relatively unchanged (Figure 

4-32, A and B). Therefore, we tested whether MICU1 downregulation impacts 

pathophysiological endothelial cell (EC) function. Because EC function is 

compromised in various cardiovascular disease states (Libby et al., 2006), we 

performed quantitative RT-PCR (qRT-PCR) to assess MICU1 expression in 

human control and cardiovascular disease (CVD)-derived primary ECs (Table 1). 

MICU1, but not MCU, mRNA levels were markedly downregulated in CVD ECs 

(Figure 4-33). Basal [Ca
2+

]m was considerably elevated in ECs derived from CVD 

patients when compared to control ECs. Further, reconstitution of MICU1 in CVD 
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ECs reduced the [Ca
2+

]m accumulation (Figure 4-34). These results were further 

confirmed by the reduction of MICU1 protein in patients (Figure 4-35).  

To examine if loss of MICU1 led to more MCU activity, mitochondria were 

isolated and mitoplast patch-clamp was performed. CVD ECs exhibited higher 

current density (Figure 4-36 A and B) suggesting that the increased Ca
2+ 

uptake 

is a result of increased open probability of MCU due to lower expression of 

MICU1 (Figures 4-36A and Figure 4-33). Aberrant basal mitochondrial Ca
2+ 

uptake may lead to mitochondrial oxidative stress in the form of superoxide, 

which is produced when electrons leak from the electron transport chain to react 

with molecular oxygen. Ablation of MICU1 in the EC cell line, EA.hy926, 

increased mitochondrial superoxide levels (Figure 4-37). In CVD ECs, loss of 

MICU1 resulted in higher [Ca
2+

]m, through altered MCU-mediated mitochondrial 

Ca
2+ 

uptake which subsequently increased basal superoxide levels (Figure 4-37). 

We next tested whether elevated reactive oxygen species (ROS) from MICU1 

knockdown lowers antioxidant levels and alters EC proliferation (Balaban et al., 

2005). Total reduced glutathione (GSH) content was assessed in EA.hy926 ECs 

expressing MICU1 shRNA or MICU1 shRNA + shRNA-insensitive MICU1. 

Reconstitution of MICU1 in MICU1 KD cells prevented the chronic ROS-induced 

reduction of GSH levels (Figure 4-38, Figure 4-39, and Figure 4-40)). Further, 

reduced cell proliferation in MICU1-silenced ECs was restored by reconstitution 

with shRNA-insensitive MICU1cDNA (Figure 4-41 A and B). Another key 

functional question is whether loss of MICU1 leads to altered angiogenesis in 

CVD. CVD-derived ECs exhibited diminished migration, which was rescued by 
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stable expression of MICU1 (Figures 4-42, A and B). We next tested whether 

CVD-derived ECs have an altered monocyte adhesion phenotype. We observed 

that CVD-derived ECs have an inherent propensity for monocyte adhesion 

(Figures 4-43, A and B).  

To explore the human MICU1 phenotype, we silenced MICU1 in mice and 

investigated the mitochondrial Ca
2+ 

handling and vascular integrity. In vivo 

lentiviral delivery of MICU1 shRNA effectively knocked down MICU1 mRNA 

levels in ECs (Figure 4-44). We also tested the MICU1 mRNA levels in 

cardiomyocytes, smooth muscle cells (SMCs), and splenocytes. Although SMCs 

and splenocytes, but not cardiomyocytes, showed partial knockdown of MICU1 

following shRNA delivery, the MICU1 knockdown is more pronounced in ECs 

(Figure 4-45). Similar to cell-based and CVD-derived studies, downregulation of 

MICU1 expression promoted higher basal [Ca
2+

]m and ROS production (Figure 

4-44, B) culminating as a loss of vascular integrity (Figure 4-46, A and B). 

Collectively, these results show that loss of MICU1 leads to aberrant EC 

mitochondrial Ca
2+ 

handling and vascular pathology.  

MICU1 Discussion 

These findings establish that mitochondrial matrix resident, MICU1, forms 

regulatory oligomers that require the MICU1 poly-basic region for MCU binding 

and suppression of IMCU. However, the polybasic region of MICU1 does not 

determine MICU1 oligomerization. Additionally, MICU1 EF hands which confer 
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functional regulation of IMCU do not determine MICU1/MCU complex formation. 

Our experiments also establish that the coiled-coil domains of MCU are essential 

for MICU1 binding.  

Identifying the physiological function of protein regions remains a 

challenge for advanced bioinformatics and requires broad-based biochemical 

techniques. One such technique, the protein dynamic flux assay, provided a tool 

to discover MICU1 protein localization in the mitochondria while circumventing 

current conventional microscopy resolution limits. The major advantages of this 

method are that it is rapid, specific, real-time imaging, without RNAi silencing, 

subcellular fractionation, or antibodies, and it can resolve compartmentalization-

determined protein functions such as residues of MCU accessible to MICU1. 

Taking the next step from localization, we show that the N-terminal region of the 

MICU1 polybasic motif determines MICU1/MCU binding. Whereas the polybasic 

motif has been previously reported to enhance protein-protein interaction 

(Williams, 2003), the polybasic motif is now identified in the mitochondria. The 

dominant negative MICU1-DK oligomer phenotype is likely a result of MICU1-DK 

interacting with wild-type MICU1, either sequestering wild-type MICU1 or causing 

a reduction of MICU1 oligomeric complex-binding affinity for MCU. Together, 

these data suggest that the polybasic region of MICU1 is not a MICU1/MICU1 

interaction domain but supports the polybasic region’s role in MCU interaction. 

The loss of MICU1 regulation by polybasic mutation could also be explained by 

diminished interaction of the polybasic mutant with the inner leaflet of the IMM. In 

support of this, the conserved polybasic region contains a glycine residue that 



109 
 

could undergo myristoylation for membrane anchoring (Mumby et al., 1990; 

Thelen et al., 1991). This anchor could provide a mechanism for MICU1 to come 

on and off at active and resting state. This loose association is supported by our 

FRAP studies which show that MICU1 as a population is more mobile than MCU 

(Figure 1R). These critically important and diverse roles of the polybasic region 

and its role in mitochondrial Ca
2+ 

signaling will certainly be elucidated in future 

studies. Despite physiological mitochondrial uptake participates in mitochondrial 

bioenergetics and cellular Ca
2+ 

signaling, chronic accumulation is known to elicit 

mitochondrial dysfunction through mitochondrial permeability transition pore 

opening, mitochondrial ROS elevation, and cell death (Hajnoczky et al., 2006; 

Duchen et al., 2008). The mitochondrial Ca
2+

dependent cellular damage 

pathways are shared in many pathophysiological models, like cardiovascular 

disease, aging, and neurodegeneration (Davidson and Duchen, 2007). In 

cardiovascular diseases, the endothelium suffers from Ca
2+

-dependent damage 

(Davidson and Duchen, 2007). Our results establish that endothelial cells derived 

from CVD subjects show low levels of MICU1 (Figures 6 and 7) and that the 

mitochondrial Ca
2+

uptake component of the disease phenotype can be reversed 

by the reconstitution of MICU1, thus restoring endothelial cell migration.  

Collectively, we established a unique resolution-independent confocal 

technique to characterize the localization of complex components in viable 

organelles. Most importantly, we revealed that MICU1 interacts with MCU and 

regulates MCU-dependent [Ca
2+

]m uptake with a polybasic region and Ca
2+

-

sensing EF hand motifs. Additionally, we have shown that the coiled-coil domains 
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of MCU interact with MICU1. Identification of these MICU1 and MCU domains 

provide the critical targets for mitochondrial Ca
2+ 

uptake and potential therapeutic 

intervention in the pathogenesis of cardiovascular disease states.  
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MICU1 Figures 

	

Figure 4-1.  Protein Flux Dynamics Illustrate MICU1 Is Localized in the 
Mitochondrial Matrix Compartment . 
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(A) HeLa cells were cotransfected with cytochrome c-GFP and COX8A-mRFP 

(MTS) plasmid constructs.  

 (B) Similarly, HeLa cells were cotransfected with MICU1-YFP and COX8-mRFP 

(MTS). (C and D) Plasma membranes of HeLa cells were briefly permeabilized 

with digitonin (0.002% w/v) containing intracellular medium for 7 min. Cells were 

treated with mastoparan (20 mg/ml) to trigger outer mitochondrial membrane 

permeabilization. Protein flux dynamics were visualized using confocal 

microscopy.  

(E) Representative protein release traces from (C) of cytochrome c (green) and 

COX8A (red) following mastoparan. n = 6–9.  

(F) Representative protein release traces from (D) of MICU1 (green) and COX8A 

(red) following mastoparan. n = 6–9.  

(G and H) Release illustration of cytochrome c and COX8A or MICU1 and 

COX8A flux dynamics before (top row) and after (bottom three rows) alamethicin 

(20 mg/ml) addition (indicated by blue arrow). n = 6–9.  

(I and J) Representative traces from (G) and (H) of cytochrome c and COX8A or 

MICU1 and COX8A depletion before and after alamethicin addition. n = 6–9.  
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Figure 4-2.  Protein Flux Dynamics Illustrate MCU Is Localized in the 
Mitochondrial Inner Membrane. 

(A–E) Similar to cytochrome c and MICU1, MCU-GFP flux assessment was 

performed. n = 6–9.  

	

Figure 4-3. Dissipation of fluorescence intensity was calculated as flux rate 
after mastoparan or alamethicin addition. Mean ± SEM; n = 6–9.  
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Figure 4-4. Western Blot Demonstrates MICU1 is Localized in the 
Mitochondrial Matrix. 

To assess the localization of MICU1, HeLa cells were permeabilized and 

exposed to mastoparan or alamethicin (20 mg/ml) for 5 min. Cytosolic 

(supernatant) and mitochondrial (pellet) fractions were subjected to 

immunoblotting to examine the release of cytochrome c (intermembrane space 

marker), HSP60 (matrix marker), MICU1-Flag, and MCU-GFP from mitochondria. 

Lanes 1, 2, and 3 refer to triplicate samples. n = 3.  
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Figure 4-5. Time course of FRAP from cells expressing MICU1-YFP or MCU-
GFP.  

The FRAP recovery curve is a plot of the normalized fluorescence recovery 
versus time. Mean ± SEM; n = 6.  
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Figure 4-6. Mapping the MICU1 Interaction Domains with MCU. 

Scheme depicts full-length MICU1 and truncation constructs.  
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Figure 4-7. Co-IP of MICU1 Interaction Domains with MCU. 

Stably MCU-GFP-expressing COS-7 cells were transfected with HA-tagged full-

length MICU1 or truncations. Following immunoprecipitation with GFP antibody, 

total cell lysates and immunoprecipitated materials were subjected to western 

blot analysis. Cell lysates were probed with HA (top left) or GFP (bottom left) 

antibodies to serve as inputs. Immunoprecipitated samples were probed with HA 

(top right) or GFP (bottom right) antibodies. GFP antibodies co-immuno-

precipitate full-length MICU1, 3, 4, and 5 MICU1-HA truncations, but not 
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MICU1-1 and MICU1-2. n = 3–5. IP, immunoprecipitation; WB, western blot. 

	

Figure 4-8. Sequence Alignment Reveals an N-Terminal Conserved 
Polybasic Region. 

(A) Human MICU1 sequence with predicted mitochondrial cleavage site (green) 

and polybasic region (blue).   

(B) The polybasic region is conserved from drosophila to Homo sapiens and 

contains a glycine (red) residue, which possibly undergoes myristoylation.   



120 
 

(C) Human MCU sequence with coiled coil domains (pink), transmembrane 

domains (blue) and intermembrane space loop (red).  

	

Figure 4-9. MICU1, MICU1-K, Localizes to the Mitochondria.  

(A) HeLa cells cotransfected with MICU1-K-YFP and COX8A-mRFP were 

imaged with a Zeiss 510 confocal microscope using 488 nm and 561 nm 

excitation respectively.    

(B) Spatial overlap demonstrates mitochondrial co-localization of MICU1-K-YFP 

and COX8A-mRFP. n = 3-6. 
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Figure 4-10. Scheme depicts full-length MICU1 and MICU1-EF1, MICU1-
EF2, MICU1-EF1EF2, and MICU1-K mutant constructs. WT, wild-type. 
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Figure 4-11. MICU1-K reduced MCU interactions. 

Stably MCU-GFP-expressing COS-7 cells were transfected with Flag-tagged full-

length MICU1 and mutants. Following immunoprecipitation with GFP antibody, 

total cell lysates and immunoprecipitated materials were subjected to western 

blot analysis. Cell lysates were probed with Flag (top left) or GFP (bottom left) 

antibodies to serve as inputs. Immunoprecipitated samples were probed with 

Flag (top right) or GFP (bottom right) antibodies. GFP antibodies co-immu-

noprecipitate full-length MICU1, MICU1-EF1, MICU1-EF2, and MICU1-

EF1EF2, but not MICU1-K mutant. n = 3.  
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Figure 4-12. MICU1 EF-hands do not Determine MCU Binding. 

As described in Figure 4-11, stably MCU-GFP-expressing COS-7 cells were 

transfected with Flag-tagged MICU1-EF1, MICU1-EF2, and MICU1-

EF1EF2 mutants. Cell lysates were incubated with or without 50 mM Ca
2+

, 

immunoprecipitation was performed with GFP antibody, and cell lysates were 

subjected to western blot analysis. Cell lysates were probed with Flag (top left) or 

GFP (bottom left) antibodies to serve as inputs. Immunoprecipitated samples 
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were probed with Flag (top middle and right) or GFP antibodies (bottom middle 

and right).  
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Figure 4-13. Scheme depicts full-length MCU and truncation constructs. 

	

Figure 4-14. MCU Coiled-Coil Domains Are Determinant of MICU1 Binding. 
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Stably MICU1-HA expressing COS-7 cells were transfected with GFP-tagged full-

length MCU or truncations. Following immunoprecipitation with HA antibody, total 

cell lysates and immunoprecipitated materials were subjected to western blot 

analysis. Ten percent of cell lysates were probed with GFP (top left) or HA 

antibodies (bottom left) to serve as inputs. Immunoprecipitated samples were 

probed with GFP (top right) or HA antibodies (bottom right). HA antibodies co-

immunoprecipitate full-length MCU and MCU-2, but not MCU-1 and MCU-3. 

n = 3.  
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Figure 4-15. Mitochondrial Targeting of MCU Truncation Mutants.  
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MCU knockdown HeLa cells were cotransfected with MCU full length, MCU-1, 

MCU2, or MCU-3, all with C-terminal GFP and COX8A-mRFP and imaged 

with a Zeiss 510 confocal microscope with 488 nm and 561 nm excitation  

 

	

Figure 4-16. FRET Analysis of MICU1/MCU Truncation Constructs.  

(A) HeLa cells were cotransfected with MCU-GFP donor and MICU1-YFP 

acceptor. MICU1-YFP acceptor was bleached, and a representative trace of the 

MCUGFP donor fluorescence is shown. n = 4.  

(B) Similarly, MCU-GFP donor and COX8A-RFP acceptor. n = 4.  
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(C) MICU1-YFP donor and COX8A-RFP acceptor. n = 4.  

(D) MCUD1-GFP donor and MICU1-YFP acceptor. n = 3.  

(E) MCUD2-GFP donor and MICU1-YFP acceptor. n = 3.  

(F) MCUD3-GFP donor and MICU1-YFP acceptor. n = 3.  

	

Figure 4-17. Scheme depicts yeast two-hybrid system for analysis of MCU 

and MICU1 binding.  
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Figure 4-18. MCU coiled-coil domains, are necessary for interaction with 
MICU1. 

Full-length MCU; MCU-1, MCU-2, or MCU-3; and MICU1 were subcloned 

into pGBKT7 and pGADT7 vectors as bait and prey, respectively. After 

transformation, screening was performed by stringent selection (growth on 

quadruple dropout medium and resistance to the antibiotic aureobasidin A) and 

blue colonies confirmed the MICU1/MCU interaction. Each column represents 

triplicates of MICU1/MCU, MICU1/MCU-1, MICU1/MCU-2, MICU1/MCU-3, 

MICU1/empty vector, and a positive control from the manufacturer (from left to 

right). n = 3.  
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Figure 4-19. MICU1 Tagged Constructs Interact.  

COS-7 wild-type cells were cotransfected with HA-tagged full-length MICU1 and 

Flag-tagged full-length MICU1 plasmid constructs. Following immunoprecipitation 

with HA antibody, total cell lysates and immunoprecipitated materials were 

subjected to western blot analysis. Cell lysates were probed with HA (left) or Flag 

antibodies (right panel, first three lanes) to serve as inputs. Immunoprecipitated 

samples were probed with Flag (right panel, last three lanes). n = 3.  
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Figure 4-20. MICU1 Binding and Functional Domains Regulate MCU-

Mediated Ca
2+ 

Uptake. 

COS-7 wild-type cells were cotransfected with Flag-tagged full-length MICU1 and 

YFP-tagged MICU1-K plasmid constructs. Following immunoprecipitation with 

GFP antibody, total cell lysates and immunoprecipitated materials were 

subjected to western blot analysis. Cell lysates were probed with GFP (left) or 

Flag (right panel, first three lanes) antibodies to serve as inputs. 

Immunoprecipitated samples were probed with anti-Flag (right panel, last three 

lanes). n = 3.  
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Figure 4-21. Mitochondrial Ca2+ Uptake is Increased in MICU1-K.  

HeLa cells were transfected with MICU1-K plasmid, and stable cells were 

generated after G418 selection. MICU1-K and wild-type cells were 

permeabilized with 0.004% digitonin in ICM buffer and loaded with 

extramitochondrial ratiometric Ca
2+ 

indicator Fura-2FF. These cells were also 

loaded with ratiometric m indicator JC-1. Cells were then challenged with 1 

mMCa
2+ 

bolus. Finally, total mitochondrial Ca
2+ 

uptake and m dissipation were 

determined by uncoupler CCCP. Mean ± SEM; n = 3–6.  

(E) Quantitation of wild-type and MICU1-K extramitochondrial [Ca
2+

]out (to 450 

s). Mean ± SEM; **p < 0.01; n = 3–6.  
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(F) Quantitation of 1 mMCa
2+ 

bolus uptake, [Ca
2+

]m. Mean ± SEM; ***p < 0.001, 

n = 3–6.  

(G) Quantitation of mitochondrial Ca
2+ 

release following CCCP. Mean ± SEM; **p 

< 0.01, n = 3–6. (H–L) Similar to MICU1-K, EF hand double-mutant EF1EF2 

was assessed for MCU-mediated Ca
2+ 

uptake and m dynamics. Mean ± SEM; 

**p < 0.01, ***p < 0.001, n = 3–6.  

	

Figure 4-22. Mitochondrial Ca2+ Uptake is Increased in MICU1-EF1EF2 

(A-E) Similar to MICU1-K, EF hand double mutant EF1EF2 was assessed for 

MCU-mediated Ca2+ uptake and m dynamics. Mean ± SEM; **p < 0.01, ***p < 

0.001, n = 3-6. 
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Figure 4-23. IMCU at Various Ca2+ Conditions. 

Mitoplasts generated from HeLa mitochondria were loaded with m indicator 

rhodamine 123 and visualized using confocal microscopy (inset). Mitoplast 

current (IMCU) was recorded before and after application of 2 (red) or 100 mM 

(black) Ca
2+ 

to the bath medium. Currents were measured during a voltage ramp 

as indicated. IMCU recorded in the presence of 2 mM Ca
2+ 

was nearly completely 

inhibited by 50 nM of Ru360 (green trace). Traces are a representative single 

recording of IMCU.n=6.  



136 
 

	

Figure 4-24. MICU1 and MCU Regulate IMCU. 

Mitoplasts generated from HeLa wild-type cells (red), stable MICU1 KD (green), 

or stable MCU KD (blue) were used for IMCU measurements. IMCU was measured 

using 5 mM bath Ca
2+ 

unless otherwise indicated. Nominal Ca
2+

-free buffer (no 

EGTA; contaminant Ca
2+ 

6 mM) was used as a control and trace shown in black. 

Traces are a representative single recording of IMCU. n = 6–12.  
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Figure 4-25. Effects of MCU Silencing on Cytosolic and Mitochondrial Ca
2+

 
Handling.    
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Knockdown of MCU mRNA levels in HeLa cells after MCU shRNA lentiviral 

transduction. Total mRNA was isolated from HeLa cells stably expressing MCU 

#861 shRNA targeting MCU mRNA and qRT-PCR was performed n = 3.   
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Figure 4-26. Confocal Verification of MCU Phenotype.  

(A and B) Dynamic Fluo-4 and Rhod-2 fluorescence changes were measured 

simultaneously by confocal microscopy after stimulation with histamine (100 M) 

in negative shRNA (Neg shRNA) and MCU KD cells (#861). Representative 

traces. n = 6.  
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Figure 4-27 MICU1 Polybasic and EF Hand Domains Regulate IMCU 

Similarly, IMCU from MICU1 mutants MICU1EF1EF2 (purple) and MICU1-K 

(brown) mitoplasts were measured and compared to wild-type (red) and MICU1 

KD (green). IMCU was measured with 5 mM bath Ca
2+ 

except for nominal Ca
2+

-

free (black) medium. Traces are a representative single recording of IMCU. n = 6–

12.  
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Figure 4-28. IMCU densities (pA/pF). 

Mean ± SEM; *p < 0.05; ns, not significant, n = 6–12.  
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Figure 4-29.  MCU Rescue Expression. 

Stable expression of MCU-GFP constructs in MCU KD HeLa cells. Cell lysates 

were subjected to Western blotting and probed with anti-GFP antibody.  
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Figure 4-30. Representative IMCU traces measured at 5 mM bath Ca
2+

 from 
mitoplasts generated from MCU KD HeLa cells stably expressing MCU-GFP 
constructs. 

Traces are a representative single recording of IMCU. n = 5-6.  
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Figure 4-31. IMCU density (pA/pF) in MCU KD HeLa cells stably expressing 
MCU-GFP constructs 

Mean ± SEM; *p < 0.05, **p < 0.01; n = 5-6.  
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Figure 4-32. MICU1 and MCU Expression in Primary Cells and Human Cell 

Lines.  

(A) 293T, HepG2, primary human pulmonary smooth muscle cell (hSMC), 

epithelial cells (hLE), primary human aortic endothelial cells (HAEC), A549 and 

HeLa cells were cultured for 48 hours and total mRNA was isolated for qRT-PCR 

analyses. Mean ± SEM; n=3.  

(B) Similarly, total mRNA isolated from HBMEC-1, HPMVEC, HAEC and 

EA.hy926 cells were subjected to qRT-PCR. Mean ± SEM; n = 3.  
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Figure 4-33. Loss of MICU1 Exacerbates MCU-Mediated Ca
2+ 

Uptake and 
Limits Endothelial Cell Migration. 

(A) Human peripheral veins were obtained from control and coronary/peripheral 

artery disease subjects (CAD/PAD). Freshly isolated ECs were cultured, and 

total RNA was used for detection of MICU1 and MCU mRNA expression levels 

by qRT-PCR. Mean ± SEM; *p < 0.05; ns, not significant, n = 3–15.  
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Figure 4-34. Basal [Ca
2+

]m accumulation in CVD EC’s. 

Confocal imaging and quantitation of basal [Ca
2+

]m accumulation as indicated by 

mitochondrial rhod-2 fluorescence in control, CVD, and CVD + MICU1 rescue 

ECs. Mean ± SEM; ***p < 0.001; n = 2–19 subjects.  



149 
 

	

Figure 4-35. MICU1 protein expression in control and CVD ECs. 

	

Figure 4-36. IMCU is larger in human-CVD-endothelial-cells-derived 
mitoplasts. 

(A) Traces are a representative single recording of IMCU. n = 7–8.  

(B) Average IMCU densities at 5 mM Ca
2+ 

in control and CVD ECs. Mean ± SEM; 

*p < 0.05; n = 7–8.   
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Figure 4-37. Superoxide Levels in CVD EC’s. 

(A and B) Representative images and quantitation of MitoSOX Red fluorescence 

(mROS indicator) in control, CVD and CVD + MICU1 rescue ECs. Mean ± SEM; 

***p < 0.001; n = 3-12.  
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Figure 4-38. MICU1 Rescue in EC’s. 

Knockdown of MICU1 mRNA levels in endothelial cell line, EA.hy926 after 

MICU1 shRNA lentiviral transduction. Total mRNA was isolated from ECs stably 

expressing five shRNAs targeting different regions and qRT-PCR was performed. 

Ectopic expression of MICU1 in MICU1 knockdown ECs (right bar).  Total mRNA 

was isolated from MICU1 #B6 cells stably expressing shRNA insensitive MICU1 

cDNA and qRT-PCR was performed. Mean ± SEM; n = 3.  
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Figure 4-39. EC MICU1 Rescue Restores Basal ROS Levels.  

(A) ECs stably expressing Neg shRNA, MICU #B6 shRNA and #B6 + MICU1 

were loaded with mitochondrial superoxide indicator MitoSOX Red and confocal 

images were acquired. Images are representative of multiple independent 

experiments. n = 3.  

(B) Quantitation of MitoSOX Red fluorescence. Mean ± SEM; **p < 0.01, ***p < 

0.001; n = 3.  
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Figure 4-40. MICU1 Rescue Lowers Reduced GSH Levels.  

(A) ECs stably expressing Neg shRNA, MICU #B6 shRNA and #B6 + MICU1 

were loaded with low molecular weight reduced thiol indicator monochlorobimane 

(mBCI) and confocal images were acquired. Representative images. n = 3.  

(B) Quantitation of GSH-MCB fluorescence. Mean ± SEM; *p < 0.05, ***p < 0.01; 

n = 3. 
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Figure 4-41. Cell Proliferation is Restored by MICU1 Rescue.  

(A) Neg shRNA, #B6 and #B6 + MICU1 ECs were labeled with CFSE and cell 

proliferation was determined by flow cytometry.   

(B) Quantitation of cell proliferation as CFSE distribution after 72 hrs. Mean ± 

SEM; ***p < 0.001; n = 3.  
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Figure 4-42. Migratory scratch assay in CVD and CVD + MICU1 rescue ECs. 

(A and B) Representative images and quantitation of migratory scratch assay in 

CVD and CVD + MICU1 rescue ECs. Mean ± SEM; *p < 0.05, **p < 0.01; n = 3-

5. 
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Figure 4-43. MICU1 Rescue Restores endothelial-monocyte adhesion 

(A) To assess endothelial-monocyte adhesion, endothelial cells derived from 

control and CVD subjects were labeled with Cell Tracker green prior to addition 

of THP-1 monocytes labeled with Cell Tracker red. Images were acquired using 

488 nm and 561 nm excitation on a 40x oil immersion objective (Zeiss 510 

META). TNF (10 ng/ml) and LPS (1 g/ml) were used as positive controls. 

Representative images. n = 3.  

(B) Quantitation of monocyte adhesion expressed as percent THP-1 

monocyte/EC. Mean ± SEM; *p < 0.05; n = 3.  
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Figure 4-44. In Vivo Knockdown of MICU1 Promotes Endothelial [Ca
2+

]m 
Accumulation. 

In Vivo Knockdown of MICU1 Promotes Endothelial [Ca
2+

]m Accumulation, ROS 

Elevation, and Vascular Integrity Loss  

(A) Knockdown of MICU1 mRNA levels in mouse endothelial cells after MICU1 

shRNA lentiviral delivery. Total mRNA was isolated from ECs, and qRT-PCR was 

performed. Mean ± SEM; ***p < 0.001, n = 5.  

(B) Quantitation of basal [Ca
2+

]m accumulation in control and MICU1KD mouse 

ECs (left panel). Quantitation of basal ROS levels in control and MICU1KD 

mouse ECs (right panel). Mean ± SEM; *p < 0.05, ***p < 0.001; n = 5.  
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Figure 4-45. In Vivo Knockdown of MICU1 in Cardiomyocytes, Smooth 
Muscle Cells and Splenocytes. 

Knockdown of MICU1 mRNA levels in mouse cardiomyocytes, SMCs and 

splenocytes after MICU1 shRNA lentiviral delivery. Total mRNA was isolated 

from cells and qRT-PCR was performed. Mean ± SEM; *p < 0.05, **p < 0.01; n = 

3.  
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Figure 4-46. Loss of Vascular Integrity in MICU1 KD.  

(A) A 0.1–0.15 ml bolus of fluorescein isothiocyanate (FITC)-dextran (70 kDa, 5% 

w/v) was injected into the animals via facial vein. Anesthetized animals were 

placed under an intravital two-photon imaging system (Zeiss 710 META NLO), 

and images were acquired. Images are representative of multiple independent 

experiments. n = 5.  

(B) Quantitation of vascular leakage was assessed as extravascular FITC-

dextran fluorescence intensity. Mean ± SEM; **p < 0.01; n = 5.  
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  Figure 4-47. The Motifs of MICU1. 



168 
 

	 Control 
subjects 

(n=3)  

CAD/PAD 
(CVD) (n=19) 

Gender (M:F)  3 : 0  10 : 9  
CVD  0  100%  

Diabetes  0  68.4%  

Hypertension  0  78.9%  

Hypercholesterolemi
a  

0  38.8%  

Chronic kidney 
disease (stage 3 or 

greater)  

0  36.8%  

Stroke  0  10.5%  

Smoking*  0  63.1%  

 

Table 4-1 Subject Characteristics –CAD/PAD (CVD) *5 individuals had history of 

smoking (not current smokers) 
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GENERAL SUMMARY AND DISCUSSION  
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To explore the role of SLC25 isoforms, SLC25A23, SLC25A24, and 

SLC25A25 were stably knocked down using lentiviral shRNA (Mallilankaraman et 

al., 2012a). SLC25A23 KD but not SLC25A24 KD nor SLC25A25 KD exhibited 

diminished mitochondrial Ca2+ uptake. To complement the rhod-2 AM results, 

HeLa SLC25A23 KD, SLC25A24 KD, and SLC25A25 KD clones were 

transfected with the genetic mitochondrial Ca2+ reporter, GCaMP2-mt, and 

assayed following histamine (100 M) stimulation. GCaMP2-mt fluorescence 

corroborated that SLC25A23 KD reduces mitochondrial Ca2+ uptake, while 

SLC25A24 KD and SLC25A25 KD were unaltered. Having observed a reduction 

of mitochondrial Ca2+ uptake by SLC25A23 KD but not SLC25A24 KD and 

SLC25A25 KD, cytosolic Ca2+ clearance was assessed following histamine 

stimulation. Cytosolic Ca2+ measured by Fluo-4, was examined in an extended 

time interval to evaluate whether the decreased mitochondrial Ca2+ uptake in 

SLC25A23 KD reciprocally sustained cytosolic [Ca2+] (Quintana et al., 2007). 

Quantitation of the cytosolic Ca2+ fluorescence area under the curve 

demonstrated a marked deceleration of cytosolic Ca2+ clearance (Figure 3-8, B). 

To demonstrate that indeed SLC25A23 KD reduced mitochondrial Ca2+ 

uptake, permeabilized HeLa cells were suspended in ICM buffer containing 

succinate to energize the mitochondria and thapsigargin to inhibit ER Ca2+ 

uptake via sarco/endoplasmic reticulum Ca2+ ATPase (SERCA), and Fura-2FF 

was added to monitor the extra-mitochondrial changes. SLC25A23 KD only 

altered mitochondrial Ca2+ influx while efflux rate and total mitochondrial [Ca2+] 

were unchanged (Figure 3-10, A-C). Though statistically insignificant, a trend 
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seemed to exist in the SLC25A23 KD total Ca2+ in which total SLC25A23 KD 

Ca2+ was reduced from Neg shRNA, presumably due to reduced influx rate. The 

intact and permeabilized cell data indicate a SLC25A23 role in mitochondrial 

Ca2+ uptake. 

After examining the EF-hand consensus sequence, we determined that 

only two of the three EF-hand motifs contain functional Ca2+ binding sites. To 

investigate the role of Ca2+ sensing properties of SLC25A23, we overexpressed 

GFP-tagged mutants of the two EF-hands in SLC25A23 KD cells). After verifying 

transient expression of SLC25A23 EF-hand mutants, HeLa cells were loaded 

with Rhod-2 AM and stimulated with histamine. The EF-hand mutants exhibited a 

reduction of mitochondrial Ca2+ uptake (Figure 3-16 A and B). These data 

suggest the EF-hands are essential for SLC25A23 Ca2+ sensing, and that 

SLC25A23 EF-hands function to increase mitochondrial Ca2+ uptake. 

 To determine the mechanism by which SLC25A23 modulates 

mitochondrial Ca2+ uptake, we asked whether SLC25A23 interacts with MCU or 

MICU1. Flag-tagged SLC25A23 was transfected into COS7 cells stably 

expressing GFP-tagged full-length MCU or HA-tagged full-length MICU1. The 

results of the co-immunoprecipitation demonstrate that SLC25A23 interacts with 

MCU and MICU1, two proteins believed to be of critical importance to 

mitochondrial Ca2+ influx. 

Since SLC25A23 interacts with MCU, we next sought to determine 

whether the knockdown of SLC25A23 modulates MCU activity (IMCU). To 

measure IMCU, mitoplast patch-clamping was performed. Because SLC25A23 has 
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been previously described as a Mg- ATP/Pi carrier (Fiermonte et al., 2004), we 

measured the IMCU in Neg shRNA and SLC25A23 KD mitoplasts supplemented 

with 300 M phosphate (Zoccarato and Nicholls, 1982) (Figure 3-19, A and B). 

IMCU was increased by the presence of phosphate in neg shRNA but not in 

SLC25A23 KD mitoplasts. This result suggests that the Mg-ATP/Pi carrier 

function of SLC25A23 enhances IMCU activity. 

Because mitochondria Ca2+ uptake relies on m as a driving force, we 

asked if the reduced mitochondrial Ca2+ uptake exhibited by SLC25A23 

knockdown was due to a difference in basal driving force, m. This data shows 

that SLC25A23 knockdown does not alter basal m. We next examined the 

active-state mitochondrial Ca2+ handling and m simultaneously using a 

permeabilized cell system loaded with cytosolic Ca2+ indicator Fura-2FF and 

m indicator JC-1 (Madesh and Hajnoczky, 2001; Madesh et al., 2002; Madesh 

et al., 2009; Roy et al., 2009; Mallilankaraman et al., 2012a; Mallilankaraman et 

al., 2012b). We found that the extra-mitochondrial delivery of Ca2+ pulses 

promoted a larger decay of m in control shRNA HeLa cells when compared to 

SLC25A23 #864 knockdown HeLa cells (Figure 3-22, A and B). These results 

suggest that SLCA25A23 participates in mitochondrial Ca2+ uptake regulation. 

Since SLC25A23 is involved in Ca2+ activated adenine nucleotide 

transport, we examined mitochondrial DNA copy number (mtDNA). We found 

that KD of SLC25A23 did not alter mtDNA copy numbers in HeLa cells when 

compared 11 to either negative or partial KD (#863) shRNA clones (Figure 3-23) 

supporting our finding of no gross mitochondrial abnormalities. In complement, 
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we also studied the mitochondrial oxygen consumption rate (OCR) and NAD(P)H 

levels. Silencing of SLC25A23 in HeLa cells did not significantly alter 

mitochondrial OCR and NAD(P)H content.  

We next investigated whether SLC25A23 KD impacts mitochondrial ROS 

production. Surprisingly, basal mROS levels were lower in SLC25A23 KD than in 

control and reconstitution of SLC25A23 in clone #864 partially restored the 

mROS levels. However, mROS levels in SLC25A24 KD and SLC25A25 KD were 

similar to Neg shRNA cells. We next assessed whether the levels of major 

antioxidant, glutathione, were changed in SLC25A23 KD cells. Indeed, reduced 

glutathione levels are higher in SLC25A23 KD. Together, these results 

demonstrate that knockdown of SLC25A23 has no effect on basal mitochondrial 

bioenergetics but lowered basal mROS. 

Having observed reduction of mitochondrial Ca2+ uptake and mROS 

production during basal state, we finally examined whether KD of SLC25A23 

alleviates cell death during active mitochondrial Ca2+ overload conditions. 

SLC25A23 knockdown #864 and partial knockdown #863 both exhibited strong 

global preservation of ATP when compared to negative shRNA after ROS 

stressors. Similar to the observed preservation of ATP levels, SLC25A23 KD was 

protective against t-BH stress while the SLC25A23 #864 rescue exhibited cell 

death comparable to negative shRNA HeLa cells. These results establish the role 

of SLCA25A23 as a link between mitochondrial Ca2+ uptake and cell death 

following oxidative stress. 
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We developed a dynamic protein flux assay using confocal microscopy in 

which the outer mitochondrial membrane (OMM) or both the OMM and IMM of 

the mitochondria were selectively permeabilized and release of MICU1 was 

subsequently visualized from the mitochondrial compartments. We found that 

permeabilization of both the OMM and the IMM but not OMM alone promotes 

MICU1 release from the mitochondrial matrix. Photobleaching of MICU1, but not 

MCU, showed rapid fluorescence recovery after photobleaching (FRAP) 

indicating that MICU1 is less associated with the IMM than MCU. These results 

reveal that MICU1 is compartmentalized in the mitochondrial matrix side of the 

IMM. 

To map the binding regions of MICU1 and MCU, we generated five 

truncation mutants and transfected these into COS-7 cells stably expressing full-

length MCU. We examined the MICU1-1 amino acid sequence for evolutionarily 

conserved interaction motifs and found a series of positively charged lysine 

residues (amino acids [aa] 99–110) which corresponds to the consensus 

sequence of a polybasic region motif which is known as not only an interaction 

motif but also as a membrane-anchoring motif (Hancock et al., 1990; Williams, 

2003; Papayannopoulos et al., 2005; Heo et al., 2006). The marked, but not 

complete, loss of interaction with MCU suggests the MICU1 polybasic region 

motif is a determinant of MICU1/MCU interaction. To determine if the EF hands 

are necessary for MCU binding, both EF hands were mutated but the EF hands 

of MICU1 did not determine MCU binding. Together, these results indicate that 

the polybasic region, but not the EF hands of MICU1, are determinant of MCU 
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binding. We also created three MCU truncation mutants stably expressing which were 

transfected with full-length MICU1-HA plasmid constructs. The pull-down of full-length 

and FRET assays showed MICU1-HA was unable to immunoprecipitate or interact 

respectively with MCU-1 and MCU-3 suggesting that these regions corresponding to 

MCU coiled-coil domains are essential for MICU1 binding. Additionally, using Co-IP 

MICU1 was demonstrated to oligomerize independent of the polybasic region.  

Using a permeabilized cell system or mitoplast patch-clamp we found that 

functionally, MICU1 EF hands are the Ca
2+ 

sensors of the MCU complex, and 

(Mallilankaraman et al., 2012b) in which the mitochondria constitutively 

accumulate Ca2+ that would otherwise remain as cytosolic Ca2+. Both polybasic 

and EF hands are essential for MICU1 regulation of MCU.  

MICU1, but not MCU, mRNA levels were markedly downregulated in CVD 

ECs. Basal [Ca
2+

]m was considerably elevated in ECs derived from CVD patients 

when compared to control ECs. Further, reconstitution of MICU1 in CVD ECs 

reduced the [Ca
2+

]m accumulation further verified by mitoplast patch-clamp. 

Ablation of MICU1 in the EC cell line, EA.hy926, increased mitochondrial 

superoxide levels. In CVD ECs, loss of MICU1 resulted in higher [Ca
2+

]m, 

through altered MCU-mediated mitochondrial Ca
2+ 

uptake which subsequently 

increased basal superoxide levels. CVD-derived ECs exhibited diminished 

migration, and have an altered monocyte adhesion phenotype.  

To explore the human MICU1 phenotype, we silenced MICU1 in mice and 

investigated the mitochondrial Ca
2+ 

handling and vascular integrity. Similar to 
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cell-based and CVD-derived studies, downregulation of MICU1 expression 

promoted higher basal [Ca
2+

]m and ROS production culminating as a loss of 

vascular integrity.  

General Discussion  

The main finding of the work is that SLC25A23 participates in 

mitochondrial Ca2+ uptake while interacting with key mitochondrial Ca2+ uniporter 

molecules MCU and MICU1. The RNAi-mediated silencing of SLC25A23 

demonstrated the role for SLC25A23 as a facilitator of mitochondrial Ca2+ uptake, 

mROS production, and subsequently alters cell death. Additionally, SLC25A23 

EF-hands are necessary for the mitochondrial Ca2+ function of SLC25A23. 

Surprisingly, not only does SLC25A23 functionally regulate MCU Ca2+ influx 

possibly by Ca2+-activated phosphate anion flow which balances the net charge 

of matrix ion influx, the multi-pass transmembrane SLC25A23 interacts with 

MCU, perhaps due to hydrophobic interactions in the transmembrane portions. 

Our results show evidence of SLC25A23 interaction with MCU and functional 

IMCU modulation of MCU by SLC25A23 suggesting a supercomplex integrating 

channels and carriers in micro-domains for enhanced sensitivity. In support of 

this concept, a recent SILAC MS/MS study identified SLC25A3 (phosphate 

carrier; PiC (Palmieri, 2004) as a possible MCU transportome component in 

293T cell line (Sancak et al., 2013). Although SLC25A23 was not detected in this 

pull-down approach (Sancak et al., 2013), it is possible that cell type and the 

solute carrier conserved domain are key factors in solute carrier/MCU interaction. 
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Together, these findings suggest that rigorous interaction studies are warranted 

to define the MCU supercomplex. Although we show that MCU-mediated Ca 

uptake is interacting with the function of SLC25A23, the two systems are distinct 

as SLC25A23 is derived from a separate lineage (Bick et al., 2012). However, 

both MCU and SLC25A23 have orthologs extending back to the common 

ancestor of eukaryotes suggesting the possibility of co-evolution (Flicek et al., 

2014). 

Mitochondrial Ca2+ overload often results in loss of m causing 

bioenergetic collapse (Bernardi et al., 1999; Rizzuto et al., 2012). SLC25A23 

silencing preserved m while reducing Ca2+ uptake following GPCR 

stimulation. In particular, the enhanced survival following t-butyl hydroperoxide is 

especially significant as t-BH induction of cell death requires Ca2+ (Crompton and 

Costi, 1988) and can be rescued by EGTA (Crompton et al., 1987), establishing 

a link through SLC25A23 from Ca2+ to t-BH-induced cell death. Our results as a 

whole demonstrate that SLC25A23 enhances mitochondrial Ca2+ uptake.  

These findings establish that mitochondrial matrix resident, MICU1, forms 

regulatory oligomers that require the MICU1 poly-basic region for MCU binding 

and suppression of IMCU. However, the polybasic region of MICU1 does not 

determine MICU1 oligomerization. Additionally, MICU1 EF hands, which confer 

functional regulation of IMCU, do not determine MICU1/MCU complex formation. 

Our experiments also establish that the coiled-coil domains of MCU are essential 

for MICU1 binding.  



178 
 

Identifying the physiological function of protein regions remains a 

challenge for advanced bioinformatics and requires broad-based biochemical 

techniques. One such technique, the protein dynamic flux assay, provided a tool 

to discover MICU1 protein localization in the mitochondria while circumventing 

current conventional microscopy resolution limits. The major advantages of this 

method are that it is rapid, specific, real-time imaging, without RNAi silencing, 

subcellular fractionation, or antibodies, and it can resolve compartmentalization-

determined protein functions such as residues of MCU accessible to MICU1. 

Taking the next step from localization, we show that the N-terminal region of the 

MICU1 polybasic motif determines MICU1/MCU binding. Whereas the polybasic 

motif has been previously reported to enhance protein-protein interaction 

(Williams, 2003), the polybasic motif is now identified in the mitochondria. The 

dominant negative MICU1-K oligomer phenotype is likely a result of MICU1-K 

interacting with wild-type MICU1, either sequestering wild-type MICU1 or causing 

a reduction of MICU1 oligomeric complex-binding affinity for MCU. Together, 

these data suggest that the polybasic region of MICU1 is not a MICU1/MICU1 

interaction domain but supports the polybasic region’s role in MCU interaction. 

The loss of MICU1 regulation by polybasic mutation could also be explained by 

diminished interaction of the polybasic mutant with the inner leaflet of the IMM. In 

support of this, the conserved polybasic region contains a glycine residue that 

could undergo myristoylation for membrane anchoring (Mumby et al., 1990; 

Thelen et al., 1991). This anchor could provide a mechanism for MICU1 to come 

on and off at active and resting state. This loose association is supported by our 
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FRAP studies which show that MICU1 as a population is more mobile than MCU. 

These critically important and diverse roles of the polybasic region and its role in 

mitochondrial Ca
2+ 

signaling will certainly be elucidated in future studies. Despite 

physiological mitochondrial uptake participates in mitochondrial bioenergetics 

and cellular Ca
2+ 

signaling, chronic accumulation is known to elicit mitochondrial 

dysfunction through mitochondrial permeability transition pore opening, 

mitochondrial ROS elevation, and cell death (Hajnoczky et al., 2006; Duchen et 

al., 2008). The mitochondrial Ca
2+

dependent cellular damage pathways are 

shared in many pathophysiological models, like cardiovascular disease, aging, 

and neurodegeneration (Davidson and Duchen, 2007). In cardiovascular 

diseases, the endothelium suffers from Ca
2+

-dependent damage (Davidson and 

Duchen, 2007). Our results establish that endothelial cells derived from CVD 

subjects show low levels of MICU1 (Figures 6 and 7) and that the mitochondrial 

Ca
2+

uptake component of the disease phenotype can be reversed by the 

reconstitution of MICU1, thus restoring endothelial cell migration.  

Collectively, we established a unique resolution-independent confocal 

technique to characterize the localization of complex components in viable 

organelles. Most importantly, we revealed that MICU1 interacts with MCU and 

regulates MCU-dependent [Ca
2+

]m uptake with a polybasic region and Ca
2+

-

sensing EF hand motifs. Additionally, we have shown that the coiled-coil domains 

of MCU interact with MICU1. Identification of these MICU1 and MCU domains 
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provide the critical targets for mitochondrial Ca
2+ 

uptake and potential therapeutic 

intervention in the pathogenesis of cardiovascular disease states.  

To conclude with a look forward, the major components of mitochondrial 

calcium uptake have been identified as MCU, EMRE, MICU1, SLC25A23 and 

MCUR1.  MCU forms the pore subunit, MICU1 establishes an inhibitory threshold 

for MCU activation, and MCUR1 enhances MCU Ca2+ uptake.  EMRE plays a 

critical role in the interaction of MICU1 and MCU while SLC25A23 enhances 

MCU current. All proteins were characterized using similar biochemical 

techniques, and these discoveries are beginning to provide molecular identity to 

mitochondrial phenomenon observed decades ago. Rather than wait for all the 

answers, the mitochondrial Ca2+ field has made incredible progress through 

these incremental advances. For example, the proposal of the mitochondrial set-

point (Nicholls 1978) was resolved by the identification of MICU1. Mitochondrial 

Ca2+ uptake is not fully characterized after a paltry three years of published 

molecular identity works.     

Next, we need to understand how MCU senses cytosolic Ca2+ and where 

the Ca2+ is coming from. Most studies have used Ca2+ influx experiments to 

demonstrate that ER is in close proximity to the mitochondria. Elevation of 

cytosolic Ca2+ by IP3R or RYR-mediated Ca2+ release or Ca2+ influx by plasma 

membrane are removed by mitochondria.  Although the microdomain concept 

has been proposed based on the ER-mitochondrial tethering regions, the exact 

microdomain [Ca2+] remains to be determined. However, recent and classical 

studies estimated that the microdomain [Ca2+] could reach up to 10 M following 
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InsP3-induced Ca2+ release. The organization of the mitochondria in relation to 

other organelles and possible multi-organellar localizations are under explored 

and likely to provide meaningful insights into cellular bioenergetics especially in 

regards to signal transduction.        

Three major high throughput technologies (bioinformatics, RNAi 

screening, and SILAC, LC-MS/MS) are responsible for the identification of MCU 

complex components, MCU, MCUb, MICU1, MICU2, MCUR1, EMRE and 

SLC25A23. Our recent findings demonstrated that the set-point is established by 

MICU1 which interacts with and guards the mitochondrial uniporter channel pore 

subunit MCU from Ca2+ permeation. In contrast, mitochondrial inner integral 

membrane protein MCUR1 promotes MCU-mediated mitochondrial Ca2+ uptake 

via MCUR1/MCU binding. Subsequent studies demonstrated the existence of 

MCU isoform MCUb, which reduces MCU activity based on the differential tissue 

expression of MCUb/MCU ratio.          

The identification of EMRE was a major step for mitochondrial Ca2+ 

uptake, because EMRE was shown to be essential for IMCU, determines 

MCU/MICU1 interaction, and is not present in all eukaryotes. The functional role 

of EMRE in MCU-mediated Ca2+ uptake is nothing short of staggering, with loss 

of EMRE resulting in what appears to be complete loss of MCU uptake.  Further, 

EMRE also is shown to provide a link between MCU and MICU1 to form the 

“uniplex”.  Finally, the unique ancestry of EMRE suggests that previous 

bioinformatics assumptions were too narrow and other specific regulators may 

exist that are not found in all eukaryotes.  When taken together, these results 
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would suggest that either MCU has no role in eukaryotes lacking EMRE or a 

different regulator is present that rescues MCU function.  This result is important 

as it suggests a transient MCU and MICU1 function in metazoans. Additionally, 

this may mean that MCU and MICU1 have additional undescribed functions 

when not participating in mitochondrial Ca2+ influx.  Presumably, MICU1 was 

conserved throughout eukaryotes while EMRE was not always present thus 

suggesting a separate selective pressure, independent of MCU regulation, for the 

maintenance of MICU1 sequence.  

The expansion of the MCU complex which now includes MCU, MCUb, 

MICU1, MICU2, MCUR1, EMRE and SLC25A23 suggests that the mitochondrial 

cristae contain microdomains of ion transferring supercomplexes that tightly 

regulate and synchronize function.  The necessity of a cristae itself is perhaps 

the best support for the existence of these complexes as the necessity for 

surface area would only be justified by spatial restriction. Supercomplexes are 

also supported by the necessity for synchronization of electron transfer to 

efficiently produce ATP while optimizing the ATP/ROS ratio for the highest ratio 

possible. These inner mitochondrial membrane supercomplexes can therefore 

co-regulate through function as well as interaction.  The strongest example, 

MCU, transports Ca2+ but has no Ca2+ sensor. Therefore, the existence of 

physical regulators such as MICU1 could be expected.  Additionally, there may 

be functional regulation through alterations of net ionic flux through neighboring 

channels, thus creating a dual regulatory mechanism for mitochondrial molecular 

transport.       
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The lack of EF-hands in MCU requires analysis Ca2+ sensing proteins in 

the mitochondria that may convey Ca2+ levels to MCU. Interestingly, even 

MCUR1 whose knockdown shows a dramatic decrease in MCU Ca2+ uptake 

lacks a known Ca2+ sensor motif.  This poses an interesting problem as the 

mitochondrial membrane potential must adjust either through efflux of Ca2+ or 

through counter ion uptake.  Similarly, the presence of a mitochondrial set point 

suggests that a Ca2+ sensor is activated and signals MCU to begin Ca2+ uptake. 

Disturbingly, based on our studies, MICU1 is located in the mitochondrial matrix 

and therefore its EF hands would not be in the intermembrane space to signal 

MCU to begin Ca2+ uptake. A likely explanation is that MICU1 EF hands are 

unbound during MCU resting state.  Then, upon active Ca2+ entry into the 

mitochondrial matrix, the EF hands of MICU1 bind Ca2+ and act to close MCU.  

As MCU closes, the slower efflux rate becomes predominant. The reduced matrix 

Ca2+ concentrations trigger dissociation of Ca2+ from MICU1 EF hands, thus 

restoring the basal conformation. It is also possible that other gating sensors 

exist or that the ionic gradient increases until MCU succumbs. However, MICU1 

reduces active Ca2+ uptake up to about 3 M, so it is possible that rather than 

MCU being overcome at 3 M, it is MICU1 that is overcome and forced to 

release MCU into an active state due simply to MCU protein tunneling stress 

from Ca2+ in the inner membrane translated to MICU1 in the matrix. This matrix 

Ca2+ flooding would provide the most probable EF-hand Ca2+ bound state for 

MICU1, which then has an undescribed utility. Alternatively, if MICU1 resides in 

the intermembrane space and senses the [Ca2+]c, the prediction would be 
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MICU1 conformational change followed by positive cooperative activation of 

MCU. Interestingly, MICU1/MCU interaction data supports the Martell et al 

finding that the soluble portions of MCU reside in the matrix, rather than the 

intermembrane space, because the coiled-coil domains of MCU that MICU1 

interacts with are located in the matrix. The small region of MCU in the 

intermembrane space consisting of ~10-13 amino acids determines Ca2+ 

selectivity and Ruthenium Red inhibition. Though it is possible, it is unlikely that 

10-13 amino acids function as both a selectivity filter and an accessory protein 

regulatory domain. Although some patch clamping of MCU has been performed 

and MICU1 shown to form oligomers, the fine-tuning of MICU1 through Ca2+ 

sensitivity and oligomeric dynamics results thus far are unknown.     

In most eukaryotic non-excitable and excitable cells, carriers, exchangers 

and channels regulate mitochondrial Ca2+ uptake during the resting and active 

states. Following receptor-mediated cytosolic Ca2+ elevation, the MCU channel 

opens and rapidly accumulates Ca2+ using the mitochondria’s highly negative 

mitochondrial membrane potential. Physiological mitochondrial Ca2+ influx 

stimulates bioenergetics through activation of Ca2+ sensitive dehydrogenases 

and thus drives ATP synthesis. In contrast, mitochondrial Ca2+ overload 

influences mitochondrial swelling and mitochondrial depolarization resulting in 

bioenergetic crisis and cell death. Pathophysiological dysregulation of MCU-

mediated Ca2+ uptake has been implicated in organ damage via chronic oxidative 

burden, autophagy, and cellular dysfunction. Paradoxically, MCU KO mice show 

little bioenergetic defect with the exception of mouse forelimb pull-ups 
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performance, while MCU inhibitors are being used as treatments for injuries such 

as I/R, stroke, and CVD.  Although serum lactate is elevated in MCU knockout 

mice under starvation, it is unknown whether this modulates gluconeogenesis 

where blood glucose levels are maintained. Other studies using MCU knockdown 

cells demonstrate that under basal conditions, MCU appears to have no 

bioenergetic role. Perhaps the role of the mitochondria is to impact cytosolic 

signaling and thus transcription allowing for tissue specific signaling patterns. 

After all, cardiomyocytes see an incredible amount of Ca2+ and yet they reside 

happily as an enormous population.  Perhaps Ca2+ is meaningless to the 

mitochondria, allowing it to act as the sponge for the rest of the cell which may be 

harmed by the large cytosolic Ca2+ increase. Since MCU is nuclear encoded, 

expression of MCU is unlikely to be variation that determines mitochondrial 

selection. However, cell specific activity of MCU through expression of additional 

MCU regulators or modulators from the nuclear genome would determine cell 

viability and thus variation on which selection can appear as filamentous 

mitochondrial morphology in liver or globular shaped in the adult cardiomyocytes.   

 The further expansion of studies focusing on mitochondrial ionic flux-

dependent bioenergetics will hinge upon supercomplexes and synchronized 

parallel ion transport.  A recent example of this type of research from our lab and 

the Mootha lab is the involvement of phosphate carriers. In 1970, Carafoli and 

Lehninger reported the necessity of phosphate for mitochondrial accumulation of 

large [Ca2+]. Therefore, when SLC25A23 was characterized in the context of 

MCU and even found to physically interact with MCU, its known function as an 
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Mg-ATP/Pi fits well with the Carafoli and Lehninger observations.  These parallel 

transport systems that are able to stabilize the net charge during rapid 

mitochondrial Ca2+ influx demand further exploration.  Although these parallel 

mechanisms aren’t “required” for IMCU, the phenotypes are bound to be critical.     

 A second point regarding the future of mitochondrial Ca2+ is that MCU 

knockdown has no basal phenotype, because MICU1 is typically suppressing 

mitochondrial Ca2+ uptake at the basal state.  Loss of MICU1 however does 

exhibit a basal phenotype, and the ability of MICU1 to sense Ca2+ through EF 

hand motifs is undoubtedly important.  Now that the MCU channel and 

presumably the majority of regulators have been identified, further studies of 

MICU1 regulation seem most promising.    
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