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ABSTRACT 

Mitochondrial calcium (Ca2+) uptake has been studied for over five decades, with crucial 

insights into its underlying mechanisms enabled by development of the chemi-osmotic 

hypothesis and appreciation of the considerable voltage present across the inner mitochondrial 

membrane (ΔΨm) generated by proton pumping by the respiratory chain (Carafoli, 1987; 

Nicholls, 2005).  However, the molecules that regulate mitochondrial Ca2+ uptake have only 

recently been identified (Jiang et. al., 2009; Perocchi et. al., 2010) and further work was needed 

to clarify how these molecules regulate mitochondrial Ca2+ uptake.  Leucine Zipper EF hand 

containing Transmembrane Protein 1 (LETM1) acts as a regulator of mitochondrial Ca2+ uptake 

distinct from the mitochondrial Ca2+ uniporter (MCU) pathway (Jiang et. al., 2009).  However, a 

controversy exists regarding the function of LETM1 (Nowikovsky et. al., 2004).  Therefore, I 

asked if LETM1 played a role in mitochondrial Ca2+ uptake and if LETM1 regulated cellular 

bioenergetics and basal autophagy.  To further characterize mitochondrial calcium uptake, we 

asked how Mitochondrial Calcium Uptake 1 (MICU1) regulates MCU activity by quantifying 

basal mitochondrial Ca2+ and MCU uptake rates in MICU1 ablated cells.  The following work 

characterizes the molecules that regulate mitochondrial Ca2+ uptake and their mechanistic 

function on decoding calcium signals.   Since LETM1 is the Ca2+/H+ antiporter, I hypothesize 

that alterations in LETM1 expression and activity will decrease mitochondrial Ca2+ uptake and 

will result in impaired mitochondrial bioenergetics. 

As a regulator of free intracellular Ca2+, mitochondrial Ca2+ uptake and the orchestra of 

its regulatory molecules have been implicated in many human diseases.  Mitochondria act both 
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upstream by regulating cytosolic Ca2+ concentration and as downstream effectors that respond to 

Ca2+ signals.  Recently, LETM1 was proposed as a mitochondrial Ca2+/H+ antiporter (Jiang et. 

al., 2009); however characterization of the functional role of LETM1-mediated Ca2+ transfer 

remained unstudied.  Therefore the specific aims of this project were to determine how LETM1 

regulates Ca2+ homeostasis and bioenergetics under physiological settings.  Secondly, this 

project aimed to characterize how LETM1-dependent Ca2+ signaling regulates ROS production 

and autophagy.  The data presented here confirmed that LETM1 knockdown significantly 

impairs mitochondrial Ca2+ uptake.  Furthermore, in-depth approaches including either deletion 

of EF-hand or mutation of critical EF-hand residues (D676A D688KLETM1) impaired histamine 

(GPCR agonist)-induced mitochondrial Ca2+ uptake.  Knockdown of LETM1 resulted in 

bioenergetic collapse and promoted LC3-positive multilamellar vesicle formation, indicative of 

autophagy induction.  Interestingly, knockdown of LETM1 significantly reduced complex IV but 

not complex I and complex II-mediated oxygen consumption rate (OCR).  In contrast, cellular 

NADH and mitochondrial membrane potential (ΔΨm) were unaltered in both control and LETM1 

knockdown cells.  LETM1 has been implicated in formation of the supercomplexes of the 

electron transport chain (Tamai et. al., 2008).  In support, these studies show that LETM1 

knockdown results in increased reactive oxygen species (ROS) production.  These results for the 

first time demonstrate that LETM1 controls cellular bioenergetics through regulation of 

mitochondrial Ca2+ and ROS.   

MICU1 was identified as an essential regulator of the mitochondrial Ca2+ uniporter 

(Perocchi et. al., 2010).  Therefore, this project specifically aimed to determine how MICU1 

regulates the mitochondrial Ca2+ uniporter.  Interestingly, the data presented here suggest that 

MICU1 is not necessary for uniporter activity.  Instead, loss of MICU1 caused mitochondria to 
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constitutively load Ca2+ at rest which resulted in a host of cellular phenotypes.  This result led to 

further questions on how MICU1 knockdown affects cellular bioenergetics and if MICU1 is 

essential for cell survival under stress.  MICU1 ablation influenced pyruvate dehydrogenase 

activity and ROS production.  Subsequent investigations demonstrated that increased basal ROS 

left cells poised to ceramide-induced cell death thereby suggesting the role of MICU1 in cell 

survival.  Collectively, the data presented here show that MICU1 is necessary to control 

constitutive mitochondrial Ca2+ uptake during rest.  This work demonstrates that LETM1 

regulates a distinct mode of mitochondrial Ca2+ uptake pathway whereas MICU1 controls 

mitochondrial Ca2+ uniporter activity.  Further studies are required to uncover the potential role 

of these two mitochondrial-resident Ca2+ regulators in health and disease.  
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CHAPTER 1 

INTRODUCTION 
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Mitochondria, More Than Just a Powerhouse 

Mitochondria are multifunctional organelles that play a major role in a multitude of 

cellular functions in a majority of cell types.  Mitochondria are prominently associated with 

the site of ATP production through oxidative phosphorylation and have often been 

overlooked for their roles in other cellular processes since they were coined the 

“powerhouse of the cell” by Siekevitz in 1957.  These early studies showed that 

mitochondria were in high numbers in energy demanding cell types like brain, heart, liver 

and kidney.  While the biochemistry of substrates was being worked out by Lehninger and 

Kennedy in 1948 the method of ATP generation was assumed to be substrate-level 

phosphorylation.  However, credit for the development of the chemiosmotic theory is given 

to Peter Mitchell who received the Nobel Prize in 1978 for his work.  Mitochondria are 

double membrane organelles and are the site of oxidative phosphorylation (See Figure 1-1).  

While the mitochondrial outer membrane (MOM) contains porins that allow ions (i.e. 

calcium and protons) and small proteins (< 5000 daltons) to travel freely, the inner 

mitochondrial membrane (IMM) is impermeable to ions.  This allows for protons to be 

pumped from the interior of the mitochondria (mitochondrial matrix) to the intermembrane 

space to establish a membrane polarization (180mV, negative interior) which is the 

principle of the chemiosmotic theory. 

 While the role of mitochondria in metabolism has been thoroughly established, the 

discovery of mitochondria in cellular signaling has only recently being explored.  Because 

of the impermeant nature of the inner mitochondrial membrane and the mitochondrial 

membrane potential, calcium (Ca2+) transport has been a focus of mitochondrial 
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physiologists.  Ca2+ is a pleiotropic second messenger and mitochondria have been known 

for over 5 decades to buffer cytosolic Ca2+.  The nature of mitochondrial Ca2+ buffering and 

its role in cellular signaling is only just being uncovered and further exploration will 

determine the depth of mitochondria in Ca2+ signaling. 

 

 

Mitochondrial Metabolism 

Cellular bioenergetics is primarily dependent on the integrity of mitochondrial 

membranes.  The impermeable nature of the mitochondrial inner membrane sets the stage 

for redox reactions to generate ATP (Mitchell and Moyle, 1967; Brand and Lehninger, 

1977).  In addition, mitochondria also participate in cytosolic Ca2+ phenotype via rapid 

Ca2+ buffering.  However, mitochondria are more than just Ca2+ buffering organelles 

(Carofoli, 1993).  Under physiological conditions, Ca2+ is beneficial for mitochondrial 

function (Rizzuto et. al., 1993).  Physiological increases in mitochondrial calcium 

concentration ([Ca2+]m) lead to allosteric activation of tricarboxylic acid (TCA) cycle 

enzymes including pyruvate dehydrogenase, isocitrate dehydrogenase, and α-ketoglutarate 

dehydrogenase (Denton et. al., 1978), as well as stimulation of the ATP synthase (complex 

V) (Glancy and Balaban, 2012).  The overall effect of elevated [Ca2+]m is the coordinated 

upregulation of the entire oxidative phosphorylation machinery, resulting in faster 

respiratory chain activity and higher ATP production.  Mitochondria are responsible for the 

production of the majority of cellular energy as ATP through oxidative phosphorylation.  

ATP is generated through the oxidation of reduced carbon substrates.  Although, more 

oxygen is consumed to produce ATP, an increased probability of electrons slippage to 
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oxygen from the respiratory chain can occur during the increased metabolic rate status.  

However, this hypothesis is based on mitochondrial function under physiological 

conditions.  It is questionable whether these effects remain the same in Ca2+ overloaded 

mitochondria under pathological conditions.  In concurrence with pathological effectors, 

Ca2+ can become detrimental in instigating subsequent pathological processes.  

 

 

Oxidative Phosphorylation 

The process of oxidative phosphorylation (OXPHOS) is much more efficient at 

producing ATP because the carbon from the glucose is fully oxidized to carbon dioxide.  

Following glycolysis, reduced carbon enters the TCA cycle when pyruvate is linked to 

Coenzyme A to form Acetyl-CoA.   Acetyl-CoA enters the cyclic process by reacting with 

oxaloacetate to form citrate.  Through a series of dehydrogenations and isomerizations 

reduced carbons are oxidized to carbon dioxide coupled with the synthesis of 4 NADH 

molecules, 1 FADH2 molecule and one GTP molecule.  It is important to note that the two 

carbons from acetyl-CoA are not oxidized in the first turn but remain as a part of 

oxaloacetate for the following turn of the cycle.  This allows for experimental tracking of 

carbon flux using 13C (Wu et. al. 2010, Mullen et. al. 2011).  The cyclic nature of carbon 

oxidation coupled to NADH generation is necessary to efficiently oxidize acetate (Baldwin 

and Krebs, 1981).  Direct oxygenation of acetate is costly because it cannot be coupled to 

ATP synthesis and consumes two NADH molecules in the process.  Without a cycle, the 

small molecular weight carbon carrier, in this case oxaloacetate, would need to be 

synthesized de novo for each acetate to be oxidized which would be either very 
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energetically costly or biologically impossible.  The TCA cycle is an efficient process that 

reuses carbon intermediates to gradually, fully oxidize acetate and generate NADH. 

NADH and FADH2 pools in the mitochondrial matrix that have been generated 

through the TCA cycle are consumed by complex I and complex II of the inner 

mitochondrial membrane and coupled to proton pumping from the matrix to the 

intermembrane space to generate the mitochondrial membrane potential.   

 

 

Enzymes of the Electron Transport Chain 

The mitochondria contain the enzymes of the TCA cycle that generate reducing 

equivalent substrates for the enzymes of the electron transport chain (ETC).  The ETC is a 

collection of multi-subunit enzymes that are integral to the inner mitochondrial membrane 

and pump protons to establish mitochondrial membrane potential.  They are commonly 

referenced as numbered complexes I through IV.  Each complex is a multisubunit enzyme 

that interacts with the other complexes to form enzyme supercomplexes (reviewed by 

Dudkina et. al., 2008).  NADH and FADH2 generated by the TCA cycle are substrates for 

NADH dehydrogenase (Complex I) and succinate dehydrogenase (Complex II) 

respectively.  Electrons are transferred from their substrates to coenzyme Q (CoQ) that 

resides in the lipid bilayer of the inner mitochondrial membrane.  Reduced CoQ is the 

substrate of Cytochrome c oxidoreductase (Complex III) and when consumed, protons are 

pumped across the IMM and electrons are transferred to cytochrome C that resides in the 

intermembrane space.  Cytochrome C is the substrate for Cytochrome c oxidase (Complex 

IV) and when oxidized protons are pumped across the inner mitochondrial membrane and 
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electrons are transferred to the terminal electron acceptor, molecular oxygen.  The 

membrane potential that is generated from proton pumping during electron transfer to 

molecular oxygen is utilized by ATP synthase to generate ATP from ADP and inorganic 

phosphate.  Details of the enzymes of the ETC are below. 

 

 

NADH Dehydrogenase - Complex I.  NADH dehydrogenase is an integral 

membrane protein complex that transfers electrons from NADH to coenzyme Q.  This 

multisubunit complex is one of two entry points for electrons to enter the electron transport 

chain from reducing equivalents.  The molecule contains 45 proteins of which seven are 

encoded by the mitochondrial genome.  The complex also contains a flavin mononucleotide 

prosthetic group and eight iron-sulfur clusters.  The flavin mononucleotide prosthetic group 

accepts electrons from NADH and transfers them to coenzyme Q through the eight iron-

sulfur clusters.  Also, because complex I is such a good donor of electrons, this is also a site 

of reactive oxygen species generation (Koopman et. al. 2010).   

 

 

Succinate Dehydrogenase - Complex II.  Succinate dehydrogenase is a 

heterotetrameric, integral membrane-protein complex of approximately 120 kDa.  It is 

responsible for the reduction of ubiquinone at the expense of the oxidation of succinate to 

fumarate.  It is a resident enzyme of the citric acid cycle where it hydrolyzes succinate to 

fumarate and generates a reducing equivalent.  It is composed of four unique proteins, two 

tethering proteins, a flavoprotein, and a catalytic unit that faces the matrix.  The integral 
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membrane protein subunits contain a heme center that may construct the electron tunnel 

that guides transfer to membrane soluble ubiquinone (Kim et. al. 2012).  Electron-transfer 

is orchestrated by three distinct iron-sulfur clusters and a covalently attached FAD 

molecule.  Unlike other members of the electron transport chain, complex II does not span 

the inner mitochondrial membrane and likewise does not directly pump protons in 

conjunction with its associated redox reaction. 

 

 

Cytochrome c oxidoreductase - Complex III.  Cytochrome bc1 is a dimer that spans 

the inner mitochondrial membrane and is central to the electron transport chain (Crofts 

2004).  It catalyzes the transfer of electrons from reduced ubiquinone, coenzyme Q that 

was generated by a complex I or a complex II reaction, to cytochrome c and pumps protons 

across the membrane in the process.  The reaction occurs through the Q cycle as two 

electrons are sequentially transferred to a bound semiquinone to regenerate reduced 

coenzyme Q.  As its name suggests, it contains a cytochrome b and cytochrome c1 subunit.  

Cytochrome c1 is conjugated to the exposed region of the molecule facing intermembrane 

space.  It is believed that the conjugated cytochrome c1 was evolutionarily necessary 

because it is exposed while the non-conjugated cytochrome b is protected by being buried 

in the membrane (Kim et. al. 2012).  The molecule also has two iron-sulfur centers that are 

necessary for transfer of electrons from CoQ to cytochrome c.  The bc1 complex is also one 

of the major sites of reactive oxygen species generation and therefore has many 

implications in aging and DNA damage.   
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Cytochrome c oxidase - Complex IV.  Cytochrome c oxidase is the terminal enzyme 

in the electron transport chain and transfers electrons to the terminal electron acceptor 

molecular oxygen.  Reduced cytochrome c, generated from complex III reaction, is 

oxidized and protons are pumped from the matrix to the intermembrane space as molecular 

oxygen is reduced to water.  The molecule is a large thirteen subunit complex that spans the 

inner mitochondrial membrane and contains two heme groups and two copper centers.  

These prosthetic groups aid in the transfer of electrons from cytochrome c to molecular 

oxygen (Khalimonchuk and Rodel, 2005). The enzymatic activity of cytochrome c oxidase 

is inhibited by cyanide, sulfide, azide, and carbon monoxide.  Three of the thirteen subunits 

are encoded on the mitochondrial genome and as such are often mutated in mitochondrial 

diseases.   

 

 

ATP synthase.  ATP synthase is a large, multiunit protein structure that uses the 

proton motive force generated by complex I, III, and IV in order to phosphorylate ADP into 

ATP.  The protein consists of two main subunits, F1 and Fo.  The Fo subunit is embedded in 

the inner mitochondrial membrane and is named because it is the site of antibiotic 

oligomycin inhibition.  The F1 portion of the complex is the catalytic site and is formed by 

a mushroom shaped asymmetric protein complex.  The a and b subunits form a trimer of 

heterodimers to make up the reaction site of ATP synthesis.  ADP and phosphate bind to 

one of the three sites and a rotary force is generated from protons flowing down their 

concentration gradient back into the mitochondrial matrix.  The process of rotary catalysis 
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occurs in three distinct motions and phosphorylates ADP to ATP (Nakamoto et. al. 2008). 

 

 

Allosteric Regulation of Mitochondrial Dehydrogenases by Ca2+

Three mitochondrial dehydrogenases are regulated by Ca2+ in a concentration range 

that is predicted to be present in the mitochondrial matrix of healthy cells (Table 1-1).  Two 

of the three (isocitrate dehydrogenase and α−ketoglutarate) are allosterically regulated by 

Ca2+ and cause enzymes to have an increased affinity for their substrates.  The third 

enzyme pyruvate dehydrogenase is phosphorylated in its inactive state and the 

dephosphorylase responsible for enzyme activation is regulated by Ca2+ (Denton and 

McCormack, 1980). 

 

TABLE 1-1.  Ca2+ Regulated Enzymes of the TCA Cycle   

Enzyme Kd (μM Ca2+) Kinetic Effects of Ca2+

Isocitrate 

Dehydrogenase 
1.2 

Increases Km 

for substrate 

a-ketoglutarate 

dehydrogenase 
~ 1 

Increases Km 

for substrate 

Pyruvate 

Dehydrogenase 
~0.8 

Activates pyruvate 

dehydrogenase phosphatase
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Figure 1-1. Mitochondrial Ca2+ Homeostasis and Regulation of the TCA Cycle 

Mitochondria are comprised of an inner mitochondrial membrane (IMM) and an 

outer mitochondrial membrane (OMM).  The former is impermeant to ions thereby 

requiring channels and pumps to regulate calcium (Ca2+) concentration.  Ca2+ concentration 

is maintained low in the interior of the mitochondria (mitochondrial matrix) by efflux 

machinery like the Na+/Ca2+ exchanger, NCLX.  The mitochondrial Ca2+ uniporter 

comprised of a core component, MCU and a regulator, MICU1 are responsible for 

mitochondrial calcium uptake from the cytosol to the matrix.  LETM1 is an antiporter of 

calcium and protons.  The mitochondrial matrix and is the site of the tricarboxylic acid 

(TCA) cycle.  Three dehydrogenases in the matrix (light blue), pyruvate dehydrogenase 
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(PDH), isocitrate dehydrogenase, and α-ketoglutarate dehydrogenase are regulated by Ca2+.  

The multisubunit enzyme complexes (I-IV) of the electron transport chain (ETC) are 

imbedded in the IMM.  Complex I, III, and IV pump protons (+) into the intermembrane 

space (IMS) as they transfer electrons from NADH to Coenzyme Q (CoQ), then to 

cytochrome c (cytC), and finally to the terminal electron acceptor, molecular oxygen (O2).  

ATP synthase utilizes the proton motive force to generate ATP from ADP. 
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Isocitrate dehydrogenase.  Isocitrate dehydrogenase is an enzyme of the citric acid 

cycle that is allosterically regulated by Ca2+.  The enzyme catalyzes the oxidative 

decarboxylation of isocitrate to α-ketoglutarate and in the process reduces nicotinamide 

adenine dinucleotide (NAD) to NADH consuming H2O and generating CO2.  The 

following reaction: 

 

Isocitrate + NAD+ --> alpha-ketoglutarate + NADH + H+ + CO2

 

is regulated by Ca2+ by increasing the enzymes affinity for its substrate.  In isolated 

mitochondria preparations from rat heart, isocitrate dehydrogenase demonstrated an 8-fold 

activation of enzymatic activity with a Km for Ca2+ of 1.2 μM (Denton et. al., 1978).  This 

is well within the physiological range of matrix Ca2+ levels, which suggests a direct 

regulation of cellular bioenergetics by mitochondrial Ca2+ uptake. 

 

α-ketoglutarate dehydrogenase.  In the subsequent reaction of the TCA cycle, α-

ketoglutarate is converted to succinyl-CoA and NAD is reduced to NADH.  This enzyme 

exists as a three part complex with cofactors including, thiamine pyrophosphate, lipoic 

acid, and FAD.  Through studies using rat heart mitochondria, Ca2+ of approximately 1 μM 

has been shown to regulate substrate affinity.  Coenzyme A is consumed in this reaction 

and CO2 is generated as seen in the net reaction:   

 

α-ketoglutarate + NAD+ + CoA → Succinyl CoA + CO2 + NADH 
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Pyruvate dehydrogenase.  Similar to α-ketoglutarate dehydrogenase, pyruvate 

dehydrogenase exists as a large supercomplex.  Cofactors for the enzyme include thiamine 

pyrophosphate, lipoic acid, and FAD.   The third Ca2+-regulated mitochondrial 

dehydrogenase, pyruvate dehydrogenase, is activated by enzymatic dephosphorylation by 

pyruvate dephosphorylase.  The first complex of the enzyme is phosphorylated in its 

inactive state.  Ca2+ regulates the activity of pyruvate dehydrogenase phosphatase and 

thereby regulates the entry of carbon as citrate in the following net reaction: 

 

Pyruvate + NAD+ + CoA → Acetyl-CoA + CO2 + NADH 

 

Pyruvate dehydrogenase initiates pyruvate entry into the TCA cycle by generating Acetyl-

CoA.  Ca2+ regulates the phosphatase that directly regulates the rate-limiting enzyme of the 

entire pyruvate dehydrogenase complex. 
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Cellular Ca2+ Sources 

Ca2+ is a ubiquitous, pleiotropic second messenger and plays a variety of roles in 

both physiology and pathophysiology (Berridge, 2012).  Under basal conditions cytosolic 

Ca2+ levels are low (~ 100 nM) then at the direction of external signals or even Ca2+ itself, 

intracellular stores are released.  Store depletion causes Ca2+ entry from the extracellular 

matrix in what is known as store-operated calcium entry (SOCE) and cytosolic levels rise 

(~1000 nM).  While the basic principle of Ca2+ flux is simple, the orchestra of Ca2+ 

sensitive enzymes and intracellular messengers results  in a complex, versatile system that 

is finely tuned for individual cell types.  Ca2+ is differentially utilized during muscle 

contraction, exocytosis, and transcription regulation.  However, deregulated Ca2+ 

homeostasis can be toxic, resulting in cell death through apoptosis or necrosis.  A concert 

of exchangers and pumps are responsible for tightly regulating intracellular calcium 

concentration ([Ca2+]i) and maintain low Ca2+ concentrations in the cytosol and 

mitochondrial matrix while cells are at rest (Figure 1-2).   

The main [Ca2+]i store is the endoplasmic reticulum (ER) or its equivalent 

organelle, sarcoplasmic reticulum (SR) in muscle cells.  At the expense of ATP, Ca2+ ions 

are pumped into the ER/SR by the integral membrane protein pump, 

Sarcoplasmic/Endoplasmic Reticulum Calcium ATPase (SERCA) against a 7000 times 

concentration gradient (Shannon and Bers, 1997).  SERCA is responsible for maintaining 

calcium stores in the ER and has been widely studied using the SERCA inhibitor, 

thapsigargin (Tg).  Ca2+ concentrations in the ER are estimated to approach ~1 mM and 

Ca2+ release from the ER is through a variety of channels.  The two most highly studied ER 

Ca2+ channel families are inositol-1,4,5-trisphosphate receptor (IP3R) and ryanodine 
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receptor (RYR).  Channel activation is dependent on the intracellular second messenger, 

inositol-1,4,5-trisphosphate (IP3) in the case of IP3R or by calcium itself, for RYR.  

IP3 is a soluble intracellular messenger that binds to IP3R at the ER and causes Ca2+ 

store release.  IP3 is generated when an extracellular agonist (i.e. histamine) binds its 

respective G-protein coupled receptor (GPCR) on the cell surface.  The G-protein activates 

phospholipase C (PLC) which enzymatically cleaves the plasma membrane lipid precursor, 

phosphatidylinositol 4,5-bisphosphate (PIP2) generating IP3 (Rooney and Thomas, 1993).  

IP3 levels rise and cause ER Ca2+ release into the cytosol which activates further 

downstream effectors. 

Within the past decade, the elegant mechanism by which the ER refills its Ca2+ 

store was elucidated.  In response to ER Ca2+ depletion, an ER resident Ca2+ sensitive 

molecule, stromal-interacting molecule (STIM), oligomerizes and interacts with a plasma 

membrane Ca2+ channel, Calcium release-activated calcium channel protein 1 (Orai1) 

(Parekh and Putney, 2005).  STIM has an ER luminal tail that contains an EF-hand domain 

and binds Ca2+.  Upon ER Ca2+ depletion, the molecule undergoes a conformational change 

because it no longer is binding Ca2+.  The conformational change of STIM causes 

oligomerization and STIM puncta form at ER membrane sites that are in close proximity to 

the plasma membrane.  The plasma membrane Ca2+ channel Orai is activated by STIM 

clusters and allows for Ca2+ to flow into the cell from the extracellular milieu.  The major 

players were only recently elucidated even though it has been known for several decades 

that SOCE is critical to maintaining [Ca2+]i signaling (Berridge, 1995). 

Therefore, cytosolic levels of Ca2+ are basally low however upon stimulation, Ca2+ 

is released from intracellular stores and enters the cell from the extracellular matrix.  

15 
 



Interestingly, mitochondria have a massive capacity to buffer Ca2+ and therefore can 

drastically alter cytosolic calcium [Ca2+]c levels (Gilabert et.a al., 2001).  Mitochondrial 

Ca2+ uptake is important for cellular bioenergetics and by regulating cellular Ca2+ 

homeostasis mitochondria can regulate cellular Ca2+ signaling. 
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Figure 1-2. Calcium Sources and Store-Operated Calcium Entry 

The major intracellular store of calcium (Ca2+) is the endoplasmic reticulum (ER) 

which is maintained at ~1 mM at rest.  Histamine interacts with its G-protein coupled 

receptor (GPCR) histamine 1 (H1) that transduces the signal across the plasma membrane.  

Phospholipase C (PLC) cleaves phosphoinositol-1,2 phosphate (PIP2) into inositol 1,4,5-

phosphate (IP3).  IP3 interacts with its ER resident receptor, Inositol 1,4,5-phosphate 

receptor (IP3R) which is a Ca2+ channel that allows Ca2+ to flow down its concentration 

gradient into the cytosol.  Stromal-interacting molecule 1 (STIM1) is the ER Ca2+ sensor 

and when ER Ca2+ levels fall, STIM1 interacts with the plasma membrane Ca2+ channel, 
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Calcium release-activated calcium channel protein 1 (Orai1).  Ca2+ floods into the cytosol 

from the extracellular matrix ([Ca2+] ~ 4 mM) through activated Orai1.  At elevated 

cytosolic Ca2+ levels mitochondria buffer Ca2+ through the mitochondrial Ca2+ uniporter 

(MCU, core component; MICU1, regulating subunit) and the antiporter (LETM1).  

Mitochondrial matrix calcium is extruded by the Na+/Ca2+ exchanger (NCLX).  Basal 

cytosolic calcium concentration ([Ca2+]cyt) is maintained at the expense of ATP by the 

plasma membrane Ca2+ ATPase (PMCA) and ER [Ca2+] is returned to resting levels by a 

related molecule, sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA). 
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Mitochondrial Ca2+ Uptake 

While mitochondrial calcium concentration ([Ca2+]m) signaling is crucial for both 

physiological and pathological cell function, molecules that facilitate mitochondrial Ca2+ 

uptake remain unclear.  The mitochondrial inner membrane (MIM) is impermeable to 

protons and other ions including Ca2+.  Ca2+ uptake into mitochondria coupled with cellular 

bioenergetics was first described nearly five decades ago in isolated rat mitochondria 

(Vasington et. al. 1962).  However, the molecular identity of the mediators of 

mitochondrial Ca2+ uptake had remained elusive. Mitochondrial Ca2+ buffering by inner 

mitochondrial membrane are exquisitely controlled by various mitochondrial transporters 

and unidentified channels.   

[Ca2+]m homeostasis plays an important role in cellular physiology.  Ca2+ flux 

across the mitochondrial inner membrane regulates cellular bioenergetics, cytoplasmic Ca2+ 

([Ca2+]cyt) signals and activation of cell death pathways (Balaban et. al., 2005; Denton and 

McCormack, 1980; Hajnoczky et. al., 1995).  Ca2+ uptake is an electrogenic process driven 

by mitochondrial membrane potential (ΔΨm) and mediated by a Ca2+ selective ion channel 

(Kirichok et al., 2004) called the uniporter (Bernardi, 1999; Santo-Domingo and 

Demaurex, 2010).  The properties of the uniporter have been derived primarily from studies 

of isolated mitochondria, where it was found in most studies to have a low apparent Ca2+ 

affinity (10-70 μM), with variable cooperativity (Bragadin et. al., 1979; Gunter and 

Pfeiffer, 1994).  Agonist-induced [Ca2+]i signals can be rapidly transported to the 

mitochondrial matrix despite apparent low affinity of the uniporter because mitochondria 

can exist in close apposition to sites of intracellular Ca2+ release where local [Ca2+]i can be 

considerably higher than in the bulk cytoplasm (Carafoli and Lehninger, 1971; Rizzuto et. 
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al., 2004). Nevertheless, higher affinity mitochondrial Ca2+ uptake has been observed in 

many studies (Santo-Domingo and Demaurex, 2010; Spat et. al., 2008).  Furthermore, 

patch clamp electrophysiology suggests that the uniporter pore has a high affinity for Ca2+ 

(dissociation constant < 2 nM) that enables it to have high Ca2+ selectivity.  In addition, the 

open probability of the uniporter channel is strongly potentiated by voltage, reaching nearly 

unity at normal ΔΨm (~180 mV) (Kirichok et. al., 2004).  Thus, whereas rapid and 

substantial [Ca2+]m uptake can take place in regions of high [Ca2+]i micro-domains, the high 

open probability and Ca2+ affinity of the uniporter pore suggest that the large 

thermodynamic driving force for Ca2+ uptake would result in mitochondrial Ca2+ overload 

in the absence of regulatory mechanisms to limit the activity of the channel. However, the 

identity of such mechanisms remains elusive. 

 

 

Mitochondrial Ca2+ Uniporter (core component) 

The molecular identity of the core component of the mitochondrial calcium 

uniporter was recently identified by two groups (Baughman et. al., 2011; De Stefani et. 

al., 2011).  MCU, a 40 kilodalton protein of the inner mitochondrial membrane was 

independently identified by the two groups using two different methods.  Baughman et. 

al. used a computational approach of integrative genomics.  This group originally 

identified MICU1 as a regulator of the mitochondrial calcium uniporter and set out to 

identify related proteins that could be the core component of MCU.  By analyzing 

MICU1 co-expression from a genome-wide RNA and organelle-wide protein perspective 

they identified the protein MCU as essential for mitochondrial calcium uptake. 
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Alternatively, De Stefani et. al. narrowed down a list of candidate proteins from 

the MitoCarta database (Pagliarini et. al., 2008) using known characteristics of the 

mitochondrial calcium uniporter.  The group constrained the MitoCarta database knowing 

that ruthenium red-sensitive Ca2+ uptake was present in kinetoplastid proteome but absent 

from yeast.  They further decreased the possible candidates by tissue distribution and by 

the assumption that the channel had two or more transmembrane domains.  This resulted 

in a short list of thirteen candidate proteins, of which only one, a gene named, 

CCDC109A had unknown function.  The gene product, MCU is the putative core 

component of the mitochondrial calcium uniporter.  

 

 

Mitochondrial Ca2+ Uptake 1 

The proton motive force of the electron transport chain establishes and maintains 

a high (~180mV) membrane potential across the inner mitochondrial membrane.  Due to 

vectorial proton pumping the mitochondria possess massive calcium (Ca2+) buffering 

capacity.  While it has been known for over 50 years that isolated mitochondria can 

buffer large amounts of Ca2+, the molecules responsible for calcium transport across the 

ion-impermeant inner mitochondrial membrane remained elusive.  Recently, however 

,Mitochondrial Calcium Uptake 1 (MICU1) was identified as a protein that localized to 

the mitochondrial inner membrane and was required for uniporter-mediated Ca2+ uptake 

in HeLa cells, dependent on its functional Ca2+-binding EF hands (Perocchi et. al., 2010).  

Subsequently, MCU was identified as the likely ion-conducting pore of the uniporter 
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(Baughman et. al., 2011; De Stefani et. al., 2011).  The expression patterns of MICU1 

and MCU are tightly coupled across tissues and species, and they physically interact in 

biochemical studies (Baughman et. al., 2011).  Nevertheless, the functional relationship 

between these two uniporter components is unknown.  

The original identification of MICU1 (Baughman et. al., 2011) as a regulator of 

mitochondrial calcium uniporter made some critical assumptions that led to incorrect 

analysis of calcium flux data.  The error was in the use of Aquorin as the calcium 

concentration indicator in their studies.  They used an RNA interference study in 

correlation with fluorescence calcium indicators to identify proteins essential for 

mitochondrial calcium uptake.  By knocking down MICU1 in HeLa cells they show that 

mitochondrial calcium uptake was decreased.  However, for all of their studies they 

normalize the calcium indicator to baseline which made the peak mitochondrial calcium 

concentration appear to be lower than it actually was.  The study did confirm that MICU1 

localization to the inner mitochondrial membrane, physical interacts with MCU and that 

it was essential for mitochondrial Ca2+ uptake.  However, the function of MICU1 was not 

fully elucidated.  Mitochondrial Ca2+ uptake has drastic implications in cellular 

bioenergetics and cell survival however the role of MICU1 in the process remains 

uncharacterized.  To better understand the role of MICU1 in mitochondrial physiology, 

future studies are warranted.  

 

 

Leucine zipper EF-hand-containing transmembrane protein 1 

Leucine zipper EF-hand-containing transmembrane protein 1 (LETM1) was 
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originally sequenced as a result of its correlation with the human disease Wolf-Hirschhorn 

Syndrome (WHS) (Endele et. al. 1999).  Wolf-Hirschhorn Syndrome is a rare gene disorder 

that occurs in 1/50,000 live births and is caused by a variable gene deletion on chromosome 

4p.  The disease is characterized by severe growth defects, mental retardation, and seizures 

(Zollino et. al., 2003).  Greater than 70% of patients have a heterozygous deletion of the 

inner mitochondrial membrane protein LETM1 and develop seizures (Schlickum et. al. 

2004).  Clinical diagnosis from developmental delay with microcephaly is further 

confirmed by fluorescence in situ hybridization.  Fluorescence in situ hybridization is a 

clinical screening that uses chromosome-specific fluorescent markers to determine putative 

break points in metaphase DNA.  The variable gene deletion encompasses a region termed 

the Wolf-Hirschhorn Syndrome Critical Region.  This region on chromosome 4p is 

proximal to several genes including: WHSC1, FGFR3, and LETM1.  While little is known 

of WHSC1, the gene for FGFR3 produces a fibroblast growth factor.  LETM1 sequence 

analysis displayed that human and mouse LETM1 proteins were 83.8% identical.  Protein 

domains prediction software suggests that LETM1 contains coiled-coil domains, a leucine 

zipper motif and two putative EF-hand sites.   

 EF hand protein domains are found in many calcium binding proteins (Gifford et. 

al. 2007).  The EF hand domain gets its name because it is comprised of an E-helix and 

Ca2+ binding loop, followed by the F-helix.  The EF hand domain has several conserved 

characteristics that allow it to bind specifically to Ca2+ over other cations, including the 

more abundant magnesium ion.  The E-helix ends with a carboxylic amino acid (D or E) at 

the beginning of the Ca2+ binding loop.  The Ca2+ binding loop consists of 9 consensus 

amino acids that coordinate the calcium ion into a pentahedral, bipyramidal architecture.   
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Five of the amino acids from the loop act as ligands for the Ca2+ ion.  The twelfth residue 

of the EF hand is the second canonical carboxylic acid and resides in the 3rd position of the 

F-helix.  This carboxylic acid donates its side chain to form a bidentate carboxylic bond 

with the calcium ion.  The loop has a glycine in the sixth position to allow for a 90° turn 

and the carboxylic residues are preferentially aspartate over glutamate presumably due to 

the shorter side chain.  EF-hand domains are always present in proteins as pairs while the 

first of the EF hand domains is often silent as seen in LETM1. 

The second of the EF-hands in LETM1 is most likely able to bind Ca2+ because it is 

the consensus sequence for EF hands.  The first predicted EF hand domain is lacking a 

preceding alpha helix and may have lost its ability to bind Ca2+.  This is a common feature 

of EF hand pairs as one domain binds the cation, while the other is termed a pseudo-EF 

hand (i.e. STIM protein). 

LETM1 was speculated as playing a role in calcium homeostasis because of its EF 

hands (Winterpact et. al., 1999).  Interestingly, greater than 70% of WHS patients have a 

heterozygous deletion of the inner mitochondrial membrane protein LETM1 and develop 

seizures (Schlickum et. al. 2004).  While Wolf-Hirschhorn Syndrome is a complex disease 

with multiple genes affected, it is possible that LETM1 may be responsible for Ca2+ 

homeostasis.  Still, controversy surrounds the role and mechanism of the inner 

mitochondria localized protein LETM1 in mitochondrial Ca2+ uptake.  After the correlation 

of hemizygous deletion of LETM1 and Wolf-Hirschhorn Syndrome was established 

through DNA hybridization work (Winterpact et. al., 1999) several groups have been 

working to elucidate the function of this inner mitochondrial membrane, EF hand domain 

containing protein.   
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LETM1 Initially Proposed as a Putative K+/H+ Exchanger 

LETM1 homologs with “about 40% sequence identity” were suggested in the 

yeast, S. cerevisiae (Nowikovsky et. al., 2004).  Yol027 and YPR125 encode for proteins 

that are 573 and 454 amino acids in length respectively and are missing the putative Ca2+ 

binding EF hand of human LETM1.  However, they share near identity in the 

transmembrane domain and are mitochondrially localized proteins (Nowikovsky et. al., 

2004).  Yol027 is also referred to mdm38 due to its involvement in mitochondrial 

morphology.  Yeast mutants lacking Yol027 were determined to have growth defects that 

were restored by overexpression of the human LETM1.  In support of LETM1 as a Ca2+ 

antiporter, yeast lacking Yol027 have impaired mitochondrial Ca2+ uptake.  It is suggested 

that Yol027 is responsible for K+ homeostasis because the small electroneutral K+/H+ 

exchanger molecule, nigericin, restored growth defects (Nowikovsky et. al., 2004).    

 In a closely related study (Froschauer et. al. 2005), submitochondrial particles were 

prepared by isolating mitochondria then bursting the mitochondrial outer membrane by 

osmotic pressure.  The resulting mitoplasts lack outer membrane and are of an inside-out 

orientation, that is, the matrix side of the membrane is exposed to the medium.  Yeast 

submitochondrial particles lacking Yol027 failed to exchange potassium.  Impaired 

translocation of K+ in the yeast submitochondrial particles was rescued by treatment with 

nigericin.  

Yeast mitochondria of Yol027 mutants were heavily fragmented and appeared to 

colocalize with vacuoles (Nowikovsky et. al., 2004).  This result may have been a missed 
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example of increased mitophagy.  It was also shown that the mitochondria of Yol027 

mutants may have been depolarized which could explain the increase in mitophagy.  

However, more work is necessary to determine if the Yol027 gene in yeast is in fact a 

homolog of human LETM1.  The foundation of this work relies on the K+/H+ exchanger, 

nigericin which seems to restore growth in Yol027 mutants as well as wild type. 

More recently the same lab began work in Drosophila.  Knockdown of fruit fly 

LETM1 homolog, DmLETM1 in S2 cells showed co-localization of mitochondria and 

lysosomes (McQuibban et. al., 2010).  Homozygous deletion of LETM1 using RNAi 

resulted in pre-larva stage lethality.  One fly strain was capable of making it through 

development but failed to survive third-instar stage and exhibited pre-mature lethality.  

Tissue-specific knockdown of DmLETM1 was used to further evaluate the role of LETM1 

in development.  Muscle tissue specific knockdown of DmLETM1 developed sluggish 

behavior, reduced body size and no climbing.  The 10% of pupae that developed into adults 

were very small relative to wild type and were unable to fly.  Subsequent studies knocking 

down LETM1 in the eye showed that development was significantly impaired.  The eye 

surface area was strongly reduced and surrounded by scar tissue.  Mitochondria isolated 

from DmLETM1 deficient eyes were swollen and disorganized.   

LETM1 gene deletion is believed to be tightly linked to epileptic seizures in WHS 

so neuronal tissue specific knockdown of DmLETM1 was performed.  Locomotion was 

drastically impaired in flies that had neuronal specific DmLETM1 knockdown.  Also, using 

the third-instar larva neuromuscular junction they show that, “mitochondrial Ca2+ buffering 

is critical for mobilization of reserve pool vesicles at D. melanogaster neuromuscular 

junction during prolonged high frequency stimulation,” (McQuibban et. al., 2010).  
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Furthermore, DmLETM1 deregulation interferes with the number of vesicles exocytosed 

during nerve action potential.  While knockdown studies of LETM1 across several species 

have shown a fundamental role in ion homeostasis, a controversy of LETM1 function 

remains.   
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Alternative Functions of LETM1 

Besides the above described roles for LETM1, other functions of LETM1 outside 

of ion transport have been reported.  It has also been shown that LETM1 yeast homolog, 

mdm38, interacts with ribosomes and is a component of the mitochondrial protein export 

machinery (Frazier et. al., 2006).  It has been reported that yeast lacking mdm38 exhibit a 

reduction of a subset of mitochondria encoded proteins.  Specifically, cytochrome b and 

atp6 appear to build up in the matrix because their insertion into the inner mitochondrial 

membrane is precluded.  Similarly, expression of complex III and complex IV are 

decreased in cells lacking mdm38.  Interestingly, mdm38 interacts with mitochondrial 

ribosomes and may act as a component of an Oxa1-independent mitochondrial export 

machine. 

In another report (Dimmer et. al., 2008), the LETM1 homolog, mdm38 was 

identified from yeast genetic screens for suppressor genes of mrs2 (mitochondria Mg2+ 

transporter) and in a screen for genes regulating MDM, mitochondria distribution and 

morphology.  Interestingly, mdm38 was shown to interact with mitochondrial ribosomes 

and mutants developed impaired mitochondrial protein export from the matrix.   

Early work in human cells and HeLa cell line demonstrated that LETM1 

downregulation causes mitochondrial swelling (Tamai et. al. 2008).  Using Blue Native Gel 

Electrophoresis, they showed that LETM1 forms a major complex at ~300 kDa suggesting 

that it forms higher ordered oligomers.  Interestingly, knockdown of LETM1 affected 

assembly of respiratory chain.  Notably, complexes I, III, and IV failed to assemble into 

supercomplexes, while assembly and activities of complexes II and V are unaltered. 

LETM1 interacts with the mitochondrial AAA-ATPase, BCS1L that is responsible 
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for the loading of the Rieske iron-sulfur protein into complex III (Cruciat et. al., 1999).  

Using co-immunoprecipitation it was shown that BCS1L specifically interacts with 

LETM1.  BCS1L is mutated in three human disorders: complex III deficiency, GRACILE 

syndrome and Bjornstad syndrome (Tamai et. al., 2008).  Three separate mutations give 

rise to three separate diseases demonstrating the multitasking function of this protein.  

Similarly, LETM1 may serve multiple functions in the mitochondria.   

While some work (Tamai et. al., 2008) on LETM1 demonstrates that mitochondria 

membrane potential is significantly lower in LETM1 knockdown cells using Mitotracker 

Red, other results (Nowikovsky et. al., 2004) have used TMRM to show that membrane 

potential is unaffected by LETM1 ablation of ~60%.  They also found that these cells were 

more sensitive to necrosis and that silencing of LETM1 causes cell death that is Bcl2 

insensitive and caspase-independent.   

The LETM1 homolog in C. elegans was also studied with respect to mitochondrial 

volume and animal survival (Hasegawa and van der Bliek, 2007).  Worms were fed siRNA 

against LETM1 and demonstrated drastically impaired growth and failed to fully reach 

wild type adult size.  Knockdown of LETM1 in C. elegans displayed decreased egg 

quantity in adult worms and their life span was shorter than wild type. 

More recently (Dimmer et. al., 2008) antibodies of high quality have been used to 

study the role of LETM1.  Sub-fractionation of cellular components revealed that LETM1 

is localized to the inner mitochondrial membrane.  The putative transmembrane domain of 

LETM1 contains three conserved proline residues which is indicative of classical 

mitochondrial protein import.  Mitochondrial proteins are imported into the mitochondria 

by two distinct pathways.  Either proteins are laterally inserted in the membrane through 
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the TIM23-complex or they are imported classically by first entering the matrix prior to 

insertion into the membrane.  Proteinase K accessibility assay was used to confirm the 

orientation of LETM1 such that the majority of the protein and the C-terminus face the 

matrix (Dimmer et. al., 2008).  Mitochondrial functional studies revealed that 

mitochondrial membrane potential was maintained when siRNA was used to knockdown 

greater than 50% of LETM1 protein expression.  Oxygen consumption through complex I 

was not significantly impaired following LETM1 ablation.  Western blot analysis was 

interpreted to demonstrate that LETM1 knockdown does not affect mitochondrial 

respiratory complex I, II, III, or V expression.  However, in this study, complex IV 

expression level was not assessed. 

 Further studies clearly demonstrated that treatment with LETM1 siRNA caused 

mitochondrial fragmentation in HeLa cells (Dimmer et. al., 2008).  This result was further 

explored to evaluate the effect on cell viability.  Likewise, by flow cytometry, HeLa cells 

that lack LETM1 were shown to have an increase in Annexin V/Propidium Iodide staining.  

This form of cell death was independent of caspase activation because PARP cleavage was 

undetectable.  Also, using a cell line that overexpressed Bcl-2 rendering it insensitive to 

caspase-dependent cell death, they showed that there was no change in cell death 

associated with LETM1 knockdown.  Therefore, LETM1 knockdown increased Bcl-2 

insensitive, caspase-independent cell death.   
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LETM1, the Ca2+/H+ Antiporter 

In attempts to identify the molecules responsible for MCU-mediated [Ca2+]m entry, 

an unbiased RNAi screen against ~22,000 Drosophila genes identified LETM1 as a 

mitochondrial Ca2+/H+ antiporter (Jiang et. al., 2009).  Using digitonin-permeabilized S2 

cells, results showed that LETM1 knockdown resulted in impaired mitochondrial Ca2+ 

uptake.  S2 cells were treated with dsRNA and used in a high throughput screen for genes 

that modify mitochondrial Ca2+ flux.  Drosophila S2 cells were transfected with a 

mitochondrial-targeted Ca2+/pH-sensitive fluorescent protein called Mito-pericam.  Mt-

pericam is GFP fused to calmodulin and its target peptide M13 (Nagai et. al., 2001).  

Changes in [Ca2+] and pH can be simultaneously measured by monitoring emission due to 

excitation at 405 nm and 488 nm, respectively.   

 From the primary screen, 776 hits were identified (Jiang et. al., 2009) that 

significantly altered the Z-score (fluorescence of the well - mean fluorescence of all wells) 

/ (standard deviation of the entire plate) of the screen.  These hits included expected genes 

that are known to regulate intracellular calcium (PMCAs, STIM1, and Orai homolog) and 

other genes that are essential for cell viability and common hits in other genetic screens.  

From this initial screen, mitochondrial proteins of unknown function were identified and 

selected for a secondary screen.  False-positives and relatively weak hits were eliminated 

and a group of ten genes were identified for further consideration.  LETM1 was the only 

protein that contained a putative transmembrane domain and possessed human orthologues.  

LETM1 knockdown in S2 cells impaired mitochondrial Ca2+ uptake in a submicromolar 

range of Ca2+.  These studies were further extended to mammalian HeLa cells.   

A stable, tetracycline inducible HEK293 cell line was used for overexpression 
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studies.  Overexpression of LETM1 accelerated pH-driven Ca2+ uptake.  In support of S2 

experiments, LETM1 was knocked down in HeLa cells.  Histamine was used to mobilize 

intracellular Ca2+ which in turn raised mitochondrial Ca2+ in control cells.  However, HeLa 

cells treated with dsRNA against LETM1 displayed impaired mitochondrial Ca2+ uptake.  

Demonstrating LETM1 as necessary for G-protein coupled receptor-mediated 

mitochondrial Ca2+ uptake.   

The role of LETM1 as a Ca2+ transporter was further investigated in liposomes 

with incorporated recombinant LETM1 protein.  Purified LETM1 protein, isolated from a 

bacterial expression system, was incorporated into liposomes.  Reconstituted LETM1-

containing proteoliposomes were capable of taking up Ca2+ by a ruthenium-sensitive 

mechanism.  Using S2 cells, mammalian cells, and isolated proteoliposomes, results 

suggested that LETM1 acts as a Ca2+/H+ antiporter.  However, further studies are necessary 

to elaborate on the effects of LETM1 disruption in a mammalian system. 

 

 

32 
 



 

Mitochondrial-Mediated Cell Death 

Apoptosis is an evolutionarily conserved process of programmed cell death that 

allows cells to die without damaging nearby cells.  The process is highly conserved from 

worms to humans and has been thoroughly reviewed (Chipuk et. al., 2010).  There are 

two major pathways of initiation of apoptosis including, intrinsic and extrinsic (See 

Figure 1-3).  The extrinsic pathway is initiated by cell-surface receptors while the 

intrinsic pathway is mediated through mitochondrial proteins. 

 Extrinsic Apoptosis. Cell surface death receptors of the Tumor Necrosis Factor 

Receptor superfamily bind their respective ligand and initiate the extrinsic pathway of 

apoptosis through caspase 8 (Kantari and Walczak, 2011).  Upon receptor binding, the 

receptors crosslink and FADD is recruited to form the death-inducing signaling complex 

(DISC).  Caspase-8, caspase-10, and cFLIP are recruited to the DISC and activated.  

Caspase-8 is the initiator caspase that activates the effector caspase, Caspase-3, which in 

turn cleaves downstream protein targets.  Caspase-8 also cross-talks with the 

mitochondrial-dependent intrinsic pathway of apoptosis by enzymatically processing Bcl-

2 family protein Bid. 

 Intrinsic Apoptosis.  Mitochondria-mediated apoptosis is initiated in response to 

many common death signals including but not limited to: UV-mediated DNA damage, 

activation of p53, nutrient deprivation, and chemotherapeutic agents (Shi, 2001).  The 

molecules responsible for this pathway have been elucidated and verified over the past 

decade (Chipuk et. al., 2010).   
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 Bcl-2 family proteins regulate the process of intrinsic apoptosis by manipulating 

mitochondrial outer membrane permeabilization.  Opposing members of this protein 

family perform complex interactions with the mitochondria that ultimately lead to release 

of cytochrome c and formation of the apoptosome complex.  While the details of the 

process remain controversial (Adams and Cory, 2007; Chipuk and Green, 2008), the Bcl-

2 family proteins have been functionally characterized into three subfamilies based on 

whether they promote or prevent mitochondrial outer membrane permeabilization.  Bcl-2 

and bclxL are known as anti-apoptotic members of the family and are characterized by 

structural domains BH1, BH2, BH3, and BH4.  The role of Bcl-2/Bcl-xL subfamily in 

preventing mitochondrial membrane permeabilization and the subsequent release of 

cytochrome c has been well established (Chipuk et. al., 2010).   

 Members of the proapoptotic subfamily have been shown to be integral parts of 

the pore formation that results in mitochondrial membrane permeabilization.  Bax and 

Bak are proapoptotic members of the Bcl-2 family and are characterized by their lack of 

the BH4 domain.  Upon activation, Bax and Bak form proteolipid pores in the outer 

mitochondrial membrane that cause mitochondria protein release and mitochondria 

depolarization.   

Activation of the pore-forming members of the Bcl-2 family is through a separate 

proapoptotic subfamily that contains only the BH3 domain.  Bid and Bim are the main 

members of this family that act as activators of Bax and Bak.  Other members of the 

BH3-only family (PUMA, Bad, Noxa, Bik) come in to play by sequestering members of 

the anti-apoptotic family.  Bid is unique among its relatives in that it can act as both a 
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derepressor by binding anti-apoptotic members as well as a sensitizer by aiding 

proapoptotic members (Merino et. al. 2009).   
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Figure 1-3. Mitochondria Play a Role in Intrinsic and Extrinsic Apoptosis.  Bcl-2 

family regulated mitochondrial outer membrane permeabilization results in cytochrome c 

release followed by a cascade of caspase activation.  Caspases are a family of proteases 

that act as activator caspases and cleave other caspases or act as effector caspases and 

cleave downstream proteins as the hallmark of apoptosis.  Cytochrome c and Apaf-1 form 

the apoptosome which cleaves procaspase-9 to caspase-9 and activates it for its target, 

caspase-3.  Caspase-3 is the effector caspase that cleaves many downstream targets and is 

essential to mitochondria-mediated apoptosis. 
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Ceramide Induced Apoptosis 

Ceramide is a lipophilic molecule that has implications in mitochondria-mediated 

cell death.  The physiological role of ceramide is that of a precursor for sphinogomyelin.  

The de novo synthesis of ceramide occurs on the cytosolic exposed membrane of the 

endoplasmic reticulum and is necessary for cell viability.  Alternatively, ceramide can be 

generated enzymatically from sphinogomyelin and act as a cellular mediator of apoptosis.  

Mechanistic details remain unclear but several studies demonstrate the intimate 

relationship between ceramide and mitochondrial function and the determination of cell 

fate (Lee et. al., 2011).  Interestingly, studies have shown that ceramide can modulate 

mitochondrial function directly or indirectly.   

Ceramide has been show to interact with Bcl-2 family proteins and therefore 

regulate mitochondria-mediated apoptosis (Lee et. al., 2011).  Alternatively, ceramide has 

been shown to act directly with the membranes of the mitochondria and regulate 

mitochondrial outer membrane permeabilization.  Recent studies have demonstrated the 

dynamic nature of ceramide in self-assembly of protein channels in lipid bilayers 

(Samanta et. al., 2011; Colombini 2010).  Ceramide channels have been visualized by 

transmission electron microscopy with no apparent size limit.  It has been suggested that 

other molecules (i.e. Bcl-2) may restrict pore growth and prevent channel formation.  

Incorporation of ceramide into lipid bilayers formed channels that had conductance in 

electrophysiological channel recording experiments (Samanta et. al., 2011). 

Ceramide is a cellular stress effector molecule that regulates mitochondrial outer 

membrane permeabilization and therefore apoptosis.  While much progress has been 
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made, conclusive research is necessary to fully elucidate how this small lipophilic 

molecule functions and what clinical significance it may hold.   

 

 

Mitochondrial Reactive Oxygen Species 

In most cell types, reactive oxygen species (ROS) in response to various stimuli are 

necessary for cell signaling, but ROS overproduction could lead to mitochondrial 

dysfunction and cell death.  Complex IV is responsible for transfer of electrons to the 

terminal electron acceptor, molecular oxygen.  However, other complexes of the electron 

transport chain result in “electron leakage” that forms oxygen radicals (Turrens and 

Boveris, 1980).  Reactive oxygen species derived from complexes of the electron transport 

chain primarily respond to mass action (Turrens et. al., 1982).  That is, changes in the 

electron flow rate, increases or decreases, can result in a similar change in electron leakage 

and ROS generation.  Ca2+ can alter mitochondrial bioenergetics and result in an increase in 

mitochondria-generated reactive oxygen species. 

Ca2+ flux following reperfusion can be detrimental or protective depending upon 

concentration.  Results (Schulz et. al. 2011) have demonstrated the dependence of extra-

mitochondrial Ca2+ concentration on reactive oxygen species.  Extra-mitochondrial Ca2+ 

concentrations above 2 μM have catastrophic effects.  Below 2 μM extra-mitochondrial 

Ca2+ causes an elevation of superoxide and nitric oxide (NO) which rapidly react to form 

the highly reactive molecule peroxynitrite.  Peroxynitrite reacts with proteins of the 

respiratory chain and causes complete collapse of membrane potential and subsequent cell 
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death.  Above 100 μM, mitochondrial Ca2+ uptake results in matrix overload and formation 

of the mitochondrial permeability transition pore (mPTP).  Formation of the mPTP results 

in loss of ions and depolarization of the inner membrane followed by necrosis.  

Interestingly, extra-mitochondrial Ca2+ concentrations around 2 μM demonstrate a 

protective affect because they activate ROS scavenging enzymes including manganese 

superoxide dismutase (mnSOD) and glutathione peroxidase (GPX). 

 Mitochondria-derived ROS is not the only form of cellular ROS.  NOX2 was the 

first member discovered in the NADPH oxidase (NOX) family which now includes seven 

members including: NOX1-NOX5, DUOX1, and DUOX2 (Lambeth, 2004).  These 

enzyme complexes utilize NADPH to generate superoxide from molecular oxygen.  They 

are localized at the plasma membrane and the most well understood, NOX2, is responsible 

for the oxidizing arsenal of phagocytes.  Electrons are transferred from intracellular 

NADPH to molecular oxygen on the extracellular face of the plasma membrane.  The 

complexes are induced or activated by microbial or inflammatory mediators.  Interestingly, 

the members NOX5, DUOX1 and DUOX2 have been shown to be regulated by Ca2+.  They 

contain regulatory domains that have Ca2+ binding sites similar to calmodulin.  Their 

function in regulating cell signaling is just starting to be explored and has implications in 

cell proliferation, cell signaling, and extracellular matrix protein modifications. 

39 
 



 

CHAPTER 2 

MATERIALS AND METHODS 
 

 

 

 

40 
 



 

MATERIALS AND METHODS 

Cells and Mice 

 

 Cell Lines.  HeLa (CCL2) and HEK-293 (CRL-1573) cells obtained from ATCC  

were cultured in low glucose Dulbecco’s modified Eagle’s medium (DMEM; GIBCO) 

supplemented with 10% (v/v) fetal bovine serum, and 100 U ml-1 penicillin and 

streptomycin 100 U ml-1 at 37°C and 5% CO2.  Cells were sub-cultured at a ratio of 1:5 in 

T75 flasks (Falcon) and fed every 2-3 days.  Confluent flasks were aspirated to 

completely remove residual medium and incubated with trypsin-EDTA for 5 minutes.  

Fresh medium was added to detached cells and transferred to 15 ml conical tube and 

centrifuged at 1000g for 5 minutes.  Medium was aspirated and cell pellet was 

resuspended in fresh medium and added to T75 flask for a total volume of 15 ml medium.  

For imaging experiments, cells were plated on 25 mm circular glass coverslips (Fisher) in 

six-well plates (Corning) 2-3 days before imaging as required by the experiment.  All 

knockdown cells were grown in complete DMEM supplemented with puromycin 

(2μg/ml). All rescue cells were grown in complete DMEM supplemented with G418 

(500μg/ml).  
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 WHS cells.  Wolf-Hirschhorn Syndrome (WHS) primary fibroblasts were 

obtained from the cell depository, Coriell Institute (Camden, NJ).  Cells were received as 

frozen vials on dry ice.  Vials were thawed in 37°C water bath and quickly transferred to 

a 15ml conical tube containing 10 ml of culture medium.  This mixture was centrifuged at 

300g for 5 minutes and cell pellet was resuspended in fresh medium and transferred to 

T25 culture flask.  WHS cells were cultured in low glucose Dulbecco’s modified Eagle’s 

medium (DMEM; GIBCO) supplemented with 15% (v/v) fetal bovine serum, and 100 U 

ml-1 penicillin and streptomycin 100 U ml-1 at 37°C and 5% CO2.  WHS primary cells 

were expanded into T75 culture flasks when confluent.  Cells were further expanded into 

T185 and cells were frozen in 10% DMSO to maintain viable passage number for future 

experiments.  For imaging experiments, WHS cells were plated on 25 mm circular glass 

coverslips that were coated with gelatin.  In cell culture hood, glass coverslips were 

submerged in 100% ethanol, briefly touched to Kimwipe (Kimtech) to remove excess 

ethanol and flamed by passing over a Bunsen burner.  Cleaned and sterilized coverslips 

were placed in 6-well plates and 2 ml culture medium containing a final concentration of 

0.2% sterile gelatin (Sigma) was added to wells.  Matrix was allowed to form on glass 

coverslips for 30 min and then solution was aspirated. 
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 Mice and B cell isolation.  Specific pathogen-free C57BL/6 (B6) mice were 

purchased from the Jackson Laboratory (Bar Harbor, ME 04609 USA). All protocols 

using mice were approved by the Institutional Animal Care and Use committee, Temple 

University.  A C57BL/6 mouse was sacrificed; spleen removed aseptically and 

transferred into dish containing 5 ml of collagenase D (1mg/ml). The perfused spleen was 

minced into small pieces. The minced spleen was incubated for 30 minutes at 37oC and 

then strained through 100 μm cell strainer. The filtrate was centrifuged at 300g, 4o C for 

10 minutes without brake. The pellet was resuspended 0.5 ml of ACS buffer for RBC 

lysis. The lysed cells were washed once and counted. B cells were isolated by staining the 

cells with biotin B220 (eBioscience USA) 1μl/10X106 cells for 30 minutes on ice 

followed by streptavidin microbeads (Miltenyi Biotec) 10μl/10X106 cells. MACS 

positive selection procedure using LS columns was performed as per manufacturer 

instructions to enrich and purify B220 positive cells. The cells were counted and 

resuspended in RPMI1640 complete medium supplemented with 10% FBS, 100 U/ml 

penicillin, 100 µg/ml streptomycin, 25mM HEPES buffer, sodium pyruvate 1mM, 1X  

NEAA.  
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 Rats and neonatal cardiomyocyte isolation.  Neonatal rat cardiomyocytes were 

isolated and plated on glass coverslips by the lab of Xiongwen Chen (Temple University, 

Department of Physiology).  In brief, the heart was excised from neonatal rats (1-2 days) 

and cardiomyocytes were isolated with the Neonatal Cardiomyocyte Isolation kit from 

Cellutron Life Tech (Cat#: nc-6301) according to manufacturer’s instructions. Isolated 

cardiomyocytes were washed for 3X with DMEM containing 10% FBS and seeded on 

laminin-coated 22mm coverslips in 6-well cell culture plates (2X106 cells/well) 

overnight. On the second day, cardiomyocytes were washed with serum free medium and 

cultured in complete DMEM. Cardiomyocytes were then transfected with siRNA against 

LETM1. 
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RNAi and Plasmids 

 

 RNA interference.  For RNA interference, the cells were transfected with pools of 

four distinct proprietary small-interfering RNAs (SMARTpool, Dharmacon, USA) to 

LETM1 mRNA at 25nM using siQuest transfection reagent (Mirus). As controls, non-

targeting siRNA duplexes (Dharmacon, USA) were employed.  For 1 250 μl OPTI-MEM 

was added to a 15 ml conical tube to which 10 μl siQuest reagent and 1 μl of each siRNA 

(100mM) was added.  The mixture was allowed to incubate at RT for 30 min then 250 μl 

of siRNA complex was added directly to coverslip.  The cells were incubated with 

siRNA mixture overnight and then 1.5 ml OptiMEM was added on top and cells were 

incubated for a further 24 h before a complete medium change was performed. Cells were 

used for experiments 72 h post-transfection. 

Sense sequence for  

Human LETM1 siRNA #1: GAAGGAUUUUGAGCCCGAAtt,  

Human LETM1 siRNA #2: AAUACGUGGAAGAAUCUAAtt,  

Human LETM1 siRNA #3: AGCAAGAGAUUGACAAAAAtt  

Purified murine B-cells and rat neonatal cardiomyocytes were treated with ON-

TARGETplus SMARTpool siRNA (Dharmacon).  Sense sequence for mouse siRNA:  

Mouse LETM1 siRNA #1: J-049478-12 CUGCCUAAUUCAUGAGUAAtt,  

Mouse LETM1 siRNA #2: J-049478-11 CUAAAUAGUGGGUGACAUAtt,  

Mouse LETM1 siRNA #3: J-049478-10 CCAACAACUUCCUGCGUUUtt,  

Mouse LETM1 siRNA #4: J-049478-09 AGGUAGACAACAAGGCGAAtt 
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Sense sequence for rat siRNA:  

Rat LETM1 siRNA #1: J-085227-12  AGGUAGACAACAAGGCGAAtt, 

Rat LETM1 siRNA #2: J-085227-11 GAAAAUAAGGAUGGCAAUAtt, 

Rat LETM1 siRNA #3: J-085227-10 CUGAAUGGCCAUACGCUGAtt, 

Rat LETM1 siRNA #4: J-085227-09 CCAACAACUUCUUGCGUUU 

 

For MICU1 experiments, HeLa or HEK-293 cells (3×105/well) grown on 0.2% gelatin 

coated coverslips in six-well dishes were transfected with pools of four distinct 

proprietary siRNAs to MICU1 (ON-TARGETplus SMARTpool, Dharmacon, USA) (50 

nM) using DharmaFECT 1 transfection reagent as per manufacturer’s instructions 

(Dharmacon). As controls, non-targeting siRNA duplexes (Dharmacon) were employed.  

 

For MCU siRNA transfection, HeLa cells were transfected with pools of two distinct 

siRNAs from Dharmacon, USA:  

(MCU-1 GCCAGAGACAGACAAUACUUU,  

MCU-2 GGGAAUUGACAGAGUUGCUdTdT) (50 nM) using DharmaFECT. Cells 

were used for experiments 72 hr post-transfection unless otherwise stated.  
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 Generation of stable shRNA knock down cell lines.  For generating stable 

knockdown cells, five different lentiviruses carrying shRNAs to letm1 or micu1 were 

produced by cotransfecting 293T cells with lentiviral shRNA constructs 

(Openbiosystems, USA), psPAX2 and pMD2.G (Addgene) as described previously 

(Naldini. et. al., 1996).  Three-plasmid expression system consists of HIV provirus, 

packaging construct, and envelope encoding plasmid.  Virus like particles are generated 

in 293T cells that bud to medium.  Medium from cells was collected 24 h and 48 h post-

transfection and stored at -80ºC until used.  HeLa cells (5X105 /well) grown in 6 well 

plates were transduced with the lentivirus.  Two days post transduction the transduced 

cells were selected with puromycin (2μg/ml) for 6-10 days and expanded.  The knock 

down was assessed by qPCR. 

 

 LETM1 shRNA rescue experiments.  A full length LETM1 construct resistant to 

LETM1 shRNA knockdown was created (ORIGENE technologies). The rescue construct 

encoding LETM1 cDNA harbored four silent point mutations in the region 

complementary to LETM1 shRNA target. The synonymous mutations in LETM1 cDNA 

conferred resistance to LETM1 shRNA but had no effect on amino acid sequence due to 

the redundancy in the codon sequence.   LETM1 knockdown cells (sh2) were transfected 

as previously described using LT1 transfection reagent.  Similarly, a MICU1 rescue 

construct resistant to MICU1 shRNA knockdown was created with four silent point 

mutations in the MICU1 shRNA targeting region (ORIGENE). Cells expressing shRNA-
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resistant full length LETM1 cDNAs were selected with 500μg/ml G418 sulphate 

(Invitrogen) for 6-10 days and expanded. 

 

 MICU1 EF-hand mutant cells.  The shRNA-insensitive MICU1 with either EF1 

or EF2 hands disabled by introduction of two point mutations of critical acidic residues 

(EF1mutant D231A, E242K and EF2mutant D421A, E432K; Origene technologies) were 

stably re-expressed in MICU1 knockdown HEK293 cells under G418 selection to 

generate EF1 and EF2 mutant cells.  

 

 Adenoviral infection.  Studies used similar multiplicities of infection (MOI) to 

test the recombinant adenoviral manganese superoxide dismutase (MnSOD) and 

glutathione peroxidase 1 vectors (Ad5CMVSOD2; Ad5CMVGPX1 University of Iowa 

Gene Transfer Core). Cells were infected with Ad5CMVSOD2 and Ad5CMVGPX1 at a 

MOI of 2,000 particles/cell as described.  Virus was stored at -80 until needed.  Virus 

was thawed on ice and mixed with minimal amount of medium for infection.  Cells 

grown to 50% confluency on a glass coverslip in six well plates were incubated with 1 ml 

of virus and 1 ml of complete medium for 4 h.  Then virus was removed and cells were 

returned to fresh complete medium then assessed for expression after 48 h. 
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 LETM1 mutant overexpression studies.  LETM1 mutant constructs were 

designed with the EF hand domain deleted or the 1 and 12 amino acids of the EF hand 

domain point mutated.  DH5α E. coli cells were transformed with plasmid DNA and an 

overnight culture was prepared for MaxiPrep DNA isolation (Qiagen).  Plasmid DNA 

concentration was determined by NanoDrop (Thermo) and aliquots were frozen at 2 μg / 

μl.  

For transient transfection, cells were transfected with plasmid DNA (LETM1; 

ORIGENE) and cationic lipid amine transfection reagent (LT1; MIRUS).  Cells were 

plated on glass coverslips in 6-well plates 24 h prior to transfection.  For each well, 10 μl 

LT1 transfection reagent was mixed into 250 μl OPTI-MEM and allowed to sit in hood 

for 15 min.  Then, 5 μg plasmid DNA was added to solution and complexes were allowed 

to form at RT for 15 min.  The transfection mixture was delivered to coverslips and 1.5 

ml of OPTI-MEM was gently added to each well.  The next day, 1.5 ml of complete 

medium was added to each well.  One day prior to imaging a complete change of medium 

was performed to remove any dead cells.  HeLa cells were transfected with c-terminal 

GFP tagged wild-type, ΔEF LETM1 and D676A D688KLETM1 cDNAs and subjected for Ca2+ 

imaging 48 h post-transfection.
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Western Blotting and qRT-PCR 

 Protein expression determination by Western blotting.  To determine protein 

expression cells were trypsinized for 3 minutes and detached from culture flask and 

transferred to 15 ml conical tube.  Cells were centrifuged at 300g for 5 minutes and 

trypsin-containing medium was removed by aspiration.  Cell pellet was resuspended in 

10 ml of Ca2+–free, Mg2+–free phosphate buffered saline (PBS) and centrifuged again. 

PBS was aspirated from cell pellet and whole cell lysates were extracted using 50-500 μl 

of ice-cold RIPA buffer (1 liter stock - 8.76 g NaCl, 10 ml Tris, pH 7.2 (of 1M Tris), 10 

ml of 10% SDS, 1 ml of Triton X-100, 10g Deoxycholate, 10 ml of .5M EDTA) that 

contained a freshly dissolved pellet of Complete protease inhibitor cocktail (Roche). Cell 

mixture was maintained on ice and vortexed for 1 min every 10 min for 30 min.  Cell 

lysate was transferred to 1.5 ml Eppendorf tube and centrifuged at 16000g for 10 min at 

4-8°C to remove cell debris.  Clarified lysate was transferred to a fresh Eppendorf tube 

and protein concentration was determined by Bradford reagent (BioRad).  1 μl of protein 

sample was added to 1 ml of 1X Bradford reagent that was made fresh with double-

deionized water (ddH20) in a disposable photometer cuvette.  Sample was mixed well by 

brief vortex and allowed to react for 10 min.  Then sample was mixed by vortexing and 

absorbance at 595 nm was determined using benchtop spectrophotometer.  Absorbance 

was correlated to protein concentration by comparison to bovine serum albumin (BSA) 

standard curve.  Equal amounts of protein were separated by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE).  Samples were prepared by mixing 25 

μg of protein with 4X loading buffer (40% glycerol, 4% lithium dodecyl sulfate (LDS), 

4% Ficoll*-400, 0.8 M triethanolamine-Cl pH 7.6, 0.025% phenol red, 0.025% coomassie 
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G250, 2mM EDTA disodium and 10X reducing agent (DTT) of the appropriate volume 

to yield 1X of each reagent.  Sample was loaded into lanes of 4–12% BisTris gels 

(Invitrogen) and run at 100V for 90 min.  MagicMarker molecular weight marker was 

loaded as a control.  Following electrophoresis proteins were transferred to a 

polyvinylidene fluoride (PVDF) membrane using iBlot system (Invitrogen) for 10 min 

and membrane was blocked with 5% non-fat milk overnight.  Membrane was probed with 

the appropriate primary antibody at 1000X dilution factor in 5% BSA for 24 h on 4°C 

shaker.  Membrane was washed for 10 min 3X with tris-buffered saline with 0.1% tween 

20 (TBST) then probed with appropriate secondary antibody conjugated to horseradish 

peroxidase. Chemiluminescence detection used ECL-plus reagent (Pierce) and a series of 

timed exposures of HyBlot CL film (Denville Scientific) to ensure densitometric analyses 

were performed at exposures within the linear range. To ensure equal protein loading 

across gels, membranes were submerged in stripping buffer (Restore Western blot 

stripping buffer; Pierce), incubated at 37°C for 15 min, and re-probed with a loading 

control antibody. Films were scanned, and Image J was employed for densitometric 

analysis. 

 

 Immunoprecipitation.  MCU-GFP and MICU1-Flag cDNAs were transfected 

into HEK293 cells which were harvested 36 h post-transfection and lysed in 2.8 ml of 

PBS containing 1% Triton x-100 and protease inhibitors (Sigma) per T75 flask with brief 

sonication. Lysed cells were centrifuged at 13,000 rpm for 30 min, and the supernatant 

was transferred and aliquoted into new tubes. 10 μl anti-Flag agarose beads (Novus) was 
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used for immunoprecipitation at 40oC for 6 h. Beads were collected by centrifugation, 

washed three times in 1.5 ml cold lysis buffer, and resuspended in 1X SDS-PAGE sample 

buffer. After electrophoresis, proteins were transferred onto Nitro-cellulose (GE). anti-

GFP (Cell Signaling Technologies) was used to detect MCU.  

 

 RNA analysis.  Solaris qPCR (Thermo Scientific) was used for quantifying gene 

expression levels.  First, total RNA was isolated from cells using Rneasy mini kit 

(Qiagen).  Cells were trypsinized, centrifuged and washed with Ca2+–free, Mg2+–free 

PBS.  Cell pellet was lysed and RNases were reduced using β-mercaptoethanol.  Lysate 

was placed onto column and flow through was discarded.  Column was washed to 

remove impurities and bound RNA was eluted into a fresh 1.5 ml RNase-free Eppendorf 

tube by centrifuge.  Single-strand RNA was converted to cDNA using Verso cDNA 

Synthesis Kit.  Total RNA was incubated with reverse transcriptase, RNA primers, and 

deoxyribonucleotide triphosphates (dNTP) at 42°C for 30 min.  cDNA was stored at -

20°C for future experiments. Pre-designed, fluorescently labeled gene specific primer 

probes were used to amplify cDNA to determine gene expression levels.  100 ng cDNA 

was mixed with Solarius qPCR Master Mix and Solaris Primer/Probe set to a final 

dilution of 1X in a total volume of 25 μl.  Reaction mixture was incubated for 40 cycles 

on a thermocycler with a denaturing step of 95°C for 15 s and an annealing step of 60°C 

for 60 s. 

For MICU1 and MCU, total RNA was isolated from cells using RNAesy Minikit 

(Qiagen) and total RNA (1 μg) was reverse transcribed with the high capacity cDNA 
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reverse transcription kit (Applied Biosystems ABI 4368814) in accordance with the 

manufacturer’s instruction. Quantitative Real-time PCR reactions were performed with 

gene specific Solaris qPCR gene expression assay kit (Abgene UK): 

 

Human MICU1 

forward primer: CTTTGACCGAGAGGCTGCT, 

 reverse primer: GTGAGTTCAGACGAAAC and  

Probe: TGTTTGGACGCGATGTT.  

 

Human MCU: 

Forward primer: GTCAGTTCACACTCAAGCCTAT, 

Reverse primer: TTGAAGCAGCAACGCGAACA, and  

Probe: TCTATTCACCAGATGGT 

The relative gene expression was calculated with Neg shRNA in the case of stable 

knockdown cells or scrambled siRNA for transient knockdowns using 7300 Real Time 

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

percent mRNA expression and plotted using Prism 5 software. 
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Calcium Measurements 

 Simultaneous measurement of cytoplasmic and mitochondrial Ca2+ 

concentrations ([Ca2+]c and [Ca2+]m) in live cells.  Cells grown on 25-mm glass 

coverslips for 48 hr were loaded with Rhod-2/AM (Invitrogen; 2µM) for 25 min at 37° C 

and 5% CO2 in extracellular medium (ECM) containing 2.0% bovine serum albumin 

(BSA).   Rhod-2-loaded cells were incubated at room temperature with Fluo-4/AM 

(Invitrogen; 5 µM) for a further 25 min.  Coverslips were washed with ECM buffer 

containing 0.2% BSA and mounted in an open perfusion microincubator (PDMI-2; 

Harvard Apparatus).  At 37°C confocal images of live cells were recorded every 3 s (510 

Meta; Carl Zeiss, Inc.) at 488- and 561-nm excitation using a 63× oil objective.  After 1 

min of baseline recording, histamine (100μM) was added and Images were analyzed and 

quantitated using ImageJ (NIH). Traces are representative of 3-4 experiments obtained 

from perinuclear masking for Rhod-2 fluorescence (mitochondrial Ca2+ indicator) and 

nuclear masking of Fluo4 fluorescence (cytosolic Ca2+ indicator). 

 

 Simultaneous measurement of mitochondrial membrane potential (ΔΨm) and 

Ca2+ uptake in permeabilized cells.  Cells were trypsinized, counted (8 × 106),  and 

washed in an extracellular-like Ca2+-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 (permeabilization buffer, in mM: 120 KCl, 10 

NaCl, 1 KH2PO4, 20 HEPES-Tris, pH 7.2, protease inhibitors (EDTA-free cOmplete 
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tablets, Roche Applied Science), 2 μM thapsigargin and digitonin (40 μg/ml).  The cell 

suspension supplemented with succinate (2 mM) was placed in a fluorometer and 

permeabilized by gentle stirring.  FuraFF (0.5 μM) was added at 0 s, and JC-1 (800 nm) 

at 20 s to simultaneously measure extramitochondrial Ca2+ and ΔΨm.  Fluorescence was 

monitored in a temperature-controlled (37ºC) multiwavelength-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 JC1and 340-nm/380-nm for FuraFF.  The ratiometric dye, 

FuraFF was calibrated as previously described.  Briefly, dye calibration was achieved by 

applying experimentally determined constants to the standard equation:  

 

 

 

Where, v is viscosity (1.0), Kd is dissociation constant (5.5), Rmin is the lower limit of 

Ca2+ detection and Rmax is upper limit determined by 100 μM Ca2+ pulse.  Sf2 and Sb2 

are non-ratiometric fluorescence counts achieved during calibration experiment.  The 

experimentally determined R value can then be converted to extramitochondrial [Ca2+] 

and a decrease in this value indicates [Ca2+]m uptake. 

At 450 s, the designated Ca2+ pulses were added and the ΔΨm and extramitochondrial 

Ca2+ were monitored simultaneously.  CCCP was added at 1000 s as control to determine 
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mitochondrial Ca2+ content. Traces indicate mean (solid line) and SEM (shaded lines) of 

the Fura FF ratio from three independent experiments.  

In Fig 3B, [Ca2+]m uptake was derived by fitting MCU-mediated calcium buffering 

curves after the calcium pulse from Fig 3A to the following single exponential decay 

model: 

 

 

 

Where, A is the amplitude of [Ca2+]m uptake and τ is the time constant.  [Ca2+]m uptake 

rate (A/τ) at a given extramitochondrial calcium, [Ca2+]out, was fitted (Igor Pro 6.2) to a 

Hill equation to derive kinetic parameters of MCU-mediated Ca2+
 uptake: 

 

Ca2+
 uptake rate =

  
Vmax 1+ Kact Ca2+[ ]( )H⎡ 

⎣ ⎢ 
⎤ 
⎦ ⎥  

Where, Vmax is the maximum rate, Kact is the half-maximal bath [Ca2+], and H is the Hill 

coefficient. Data from Fig. 3C was used and fit to the Hill equation to yield the values in 

Fig. 3D.  

The total amount of Ca2+
 accumulated by MCU-mediated Ca2+

 uptake (mitochondrial 

Ca2+
 buffering capacity) was evaluated by measuring the change in bath [Ca2+] in 
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response to the uncoupler CCCP.  In Fig 3E, the change in calcium just prior to CCCP 

(735s-745s) administration and the final extramitochondrial calcium concentration (845s-

850s) was plotted at different calcium pulse concentrations.  MCU-mediated Ca2+
 

accumulation as a function of extramitochondrial [Ca2+] was fitted (Origin 7.0.) with a 

logarithmic 3-parameter model:  

 

 

 

to evaluate consistency of mitochondrial calcium buffering capacity.  In Fig 3F, Ru360 

was added prior to calcium pulses to demonstrate extramitochondrial calcium flux was 

through MCU. 

In Fig 4C and Fig 5C, dot plots were generated from the calculated rise in 

extramitochondrial calcium prior to calcium pulse (0 - 445 s).  This figure represents the 

basal capacity of cell mitochondrial to take up calcium prior to extramitochondrial 

calcium elevation.  In Fig 4E and 4H, the concentration at which extramitochondrial 

calcium reached homeostasis was calculated from Fig 4D and Fig 4G (at 700 s) 

respectively.   
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Mitochondrial Bioenergetics 

 Mitochondrial oxygen consumption rate.  Two methods were used to determine 

cellular oxygen consumption rates: Mitocell chamber and Seahorse. 

For the Mitocell technique.  HeLa cells (1 X 106 cells) were permeabilized by 

0.01% digitonin in intracellular medium (ICM) buffer and placed into a MT200A 

Mitocell chamber (StrathKelvin Instruments).  After the chamber was sealed, the 

following successive additions were made under constant stirring; Malate (5 mM) + 

Pyruvate (5 mM), Succinate (5 mM), TMPD (0.4 mM) + Ascorbate (2.5 mM), and the 

complex IV inhibitor sodium azide in 60 s intervals by syringe.  To further explore 

complex IV function in cells with insufficient LETM1 we used FCCP to uncouple in situ 

mitochondria and to determine maximum oxygen consumption through complex IV.  

Oxygen consumption data were analyzed using StrathKelvin oxygen system data analysis 

module.  Data from three independent experiments run in triplicate were measured and 

represents oxygen consumption through individual complexes with units of µmoles O2 

min-1. 

For the Seahorse technique.  Oxygen consumption rate (OCR) was measured in 

at 37oC using an XF24 extracellular analyzer (Seahorse Bioscience). Cells were seeded in 

24-well plates treated with CELL-TAK (BD Bioscience). After 24 hr, cells were loaded 

into the machine for O2 concentration determinations. Cells were sequentially exposed to 

histamine (10 or 100 μM), oligomycin (1 μM), carbonylcyanide p-
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trifluoromethoxyphenylhydrazone (FCCP; 300 nM) and rotenone (100 nM). After each 

injection, OCR was measured for 5 min, the medium was mixed and again measured for 

5 min. Representative traces shown in Figure 4-20. Every point represents average of 10 

different wells. Basal OCR was calculated as difference between OCR measured before 

and after oligomycin. Maximum OCR was calculated as difference between OCR 

measured after FCCP and that measured after exposure to rotenone plus myxothiazol. 

After every experiment protein concentration was determined by lysing the samples. 

 

 ATP measurements.  To determine the effect of LETM1 knockdown on basal 

ATP, HeLa cells with LETM1 constitutively knocked-down (1 X 106 cells) were plated 

in 10 cm dishes and cultured for 24 h.  Cells were briefly trypsinized and were counted 

by hemocytometer.  (1 X 104 cells) were added to well of white 96 microwell plates.  

Samples for ATP measurements were prepared using CellTiter-Glo® luminescent cell 

viability assay kit (Promega) and luminescence was measured using a VICTOR X5 2030 

Multilabel reader (Perkin Elmer). Basal ATP of knockdown cell line was normalized to 

wild-type HeLa cells. 

 

 

 NAD(P)H measurements.  To determine the effect of LETM1 knockdown on 

cellular bioenergetics, basal NADH levels were assessed.  Control HeLa cells (~3 million 

cells) and LETM1 knockdown cells (~4 million cells) were plated in T75 culture flasks 
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and cultured for 2 days at 37°C and 5% CO2.  At 90% confluency, medium was aspirated 

from flask and cells were treated with 4 ml of trypsin (0.25% trypsin-EDTA, Gibco).  

Cells were trypsinized for approximately 3 minutes to detach cells from the flask and 4 

ml of complete medium was added to flask to neutralize trypsin.    Cells mixture was 

thoroughly mixed by pipette to break up cells and then transferred to 15 ml conical tube.  

20 μl of cells were mixed with equal parts Trypan Blue Solution (0.4 % w/v in saline; 

Cellgro) and mixed thoroughly.  10 μl of cells mixed with Trypan Blue was added to one 

side of a glass hemocytometer and cells were counted by inverted light microscope 

(Nikon TMS).  HeLa cells (10 × 106 cells per ml) were transferred to a fresh 15 ml 

conical tube and centrifuged at 300g for 5 min.  Medium was aspirated and pellet was 

washed with Ca2+–free, Mg2+–free PBS and centrifuged again.  PBS was aspirated from 

cell pellet and cells were resuspended in 1.5 ml of extracellular-like Ca2+-free buffer 

(ECM; 120 mM NaCl, 5 mM KCl, 1 mM KH2PO4, 0.2 mM MgCl2, 0.1 mM EGTA, and 

20 mM HEPES-NaOH, pH 7.4) and transferred to disposable spectrofluorometer cuvette 

(Fisher).   Cuvette was placed into temperature controlled holder (37°C) and 

autofluorescence of NAD(P)H was monitored at 350/460 nm (excitation/emission) using 

a multi-wavelength excitation, dual-wavelength emission fluorometer (Delta RAM, PTI , 

Birmingham, NJ). 

 

 Determination of mitochondrial reactive oxygen species.  To determine 

mitochondrial reactive oxygen species, cells were loaded with the mitochondrial 

superoxide indicator MitoSOX Red (Invitrogen; 10µM) in culture medium at 37° C and 
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5% CO2 in incubator for 30 min.  Single images of live cells (~10 cells/field; 5 

fields/coverslip) were captured using confocal microscopy.  Confocal images were 

obtained by exciting oxidized superoxide indicator and Hoechst 33258 nuclear 

counterstained with 516 nm and 405 laser lines, respectively, using a 63× oil objective.  

All images were recorded at 512 X 512 pixel resolution in 12 bit depth.  To confirm that 

the reactive oxygen species were of mitochondrial origin, diphenylene iodonium chloride 

(DPI) was used to inhibit NADPH oxidase.  For DPI treatment, cells were incubated with 

30 μM DPI for 30 min prior to dye loading. For Antimycin A (AA) treatment, cells were 

incubated with 2 μM Antimycin A for 30 min prior to dye loading.  Experiments were 

performed in duplicate or triplicate representing a single experiment.  Data from 3 

individual experiments was analyzed using ImageJ macro developed exclusively for ROS 

determination.          
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Cell Proliferation 

 AMPK-dependant autophagy.   To determine basal autophagy in live cells 

confocal microscopy was used.  Cells were plated on glass coverslips then transfected 

with LC3-GFP plasmid.  Cells were incubated at 37°C , 5% CO2 for 48 h then imaged by 

confocal microscopy.  Images were captured from 5 random fields per coverslip at 512 X 

512 pixels at 12 bit depth.  Image files were analyzed by ImageJ.  In support, endogenous 

levels of processed LC3 protein were assessed by Western blotting.  Cells were 

trypsinized, centrifuged and washed with Ca2+–free, Mg2+–free PBS.  Protein lysates 

were made using RIPA buffer containing proteases.  Clarified protein lysate was 

denatured and separated by SDS-PAGE.  Proteins were transferred to PVDF membrane, 

blocked with 5% non-fat milk and probed by anti-LC3.  Blots were analyzed by 

densitometer and LC3 processing was quantified.  To determine AMPK phosphorylation 

status, blots were stripped by incubation with Restore Western Blot Stripping Buffer 

(Thermo Scientific) for 5 min.  Buffer was removed and blot was washed 3X for 5 min 

and blocked overnight.  Blots were probed with anti-AMPK and analyzed by 

densitometer. 
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 Flow cytometry.  Mouse B cells were resuspended in staining buffer (PBS, 1% 

bovine calf serum and 0.1% sodium azide). To stain for flow cytometric analysis, 2X106 

cells were first stained with Aqua live/dead discrimination dye as per manufacturer 

instructions and blocked with 10 μg of anti-CD16/32 (eBioscience USA)  to minimize 

background staining mediated by Fc receptor binding.  The cells were then labeled with 

directly conjugated monoclonal antibodies: CD3 PE (eBioscience, USA), CD19 APC 

(eBioscience, USA), for 15 minutes at 4o C, dark followed by washing and resuspended 

in 200 μl of PBS and immediately taken for flow acquisition.  Samples were acquired on 

LSRII (Becton Dickinson, CA, USA).  From each sample a minimum of 100,000 events 

was collected and analyzed using Flow-jo software.  Standard gating procedures using 

Flow-jo software were used to identify positive cells/peak.  Relative fluorescence 

intensities were plotted on a logarithmic scale using Flow-Jo software and quantification 

was plotted using GraphPad PRISM software version 5.0 (GraphPad). 

 

 Cell Proliferation Assay.  CFSE  (5-(and-6)-Carboxyfluorescein diacetate, 

succinimidyl ester (5(6)-CFDA, SE), Cell TraceTM CFSE Cell proliferation Kit (C34554) 

Molecular Probes from Invitrogen was used to assess the cellular proliferation of both 

HeLa cells and mouse B cells. Briefly for HeLa cell line wild type, clone 545, clone 545 

rescue and negative shRNA were grown on 100 cm dishes to desired confluence and 

labeled with 5μM CFSE for  15 minutes at 37o C , quench with pre-warmed complete 

medium for 30 minutes at 37oC. The cells were trypsinized and counted to plate at 
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constant cell count. The plates were incubated at 37oC, 5% CO2 for 72 hours. Then the 

cells were washed with PBS, stained with aqua live dead discrimination dye as per 

manufacturer instructions, fixed with 3.7% paraformaldehyde and stored at 4o C till flow 

acquisition. For B cells, the purified B cells wild type and cells transfected with siRNA 

LETM-1(200nM LETM-1 siRNA/2X106 purified B cells) were counted and about 

100X106 cells per tube were labeled with 2 μM CFSE by vigorously adding the 1ml of 

CFSE containing PBS to the pellet followed by rest (5X106 cells/ml) of the PBS 

containing CFSE, mixed well and incubated for 10 minutes at 37oC, quench with pre-

warmed 20% FBS containing complete medium, washed twice with PBS and 

resuspended at desired count. The cells were then stimulated with goat anti mouse IgM 

(Sigma) at a concentration 30μg/ml for 72 h. The cells were washed twice with PBS and 

stained for flow cytometry.  

 

 Cell cycle analysis.  For cell cycle analysis, cells were stained with propidium 

iodide and analyzed by flow cytometry.  Briefly, 1.5 million cells were plated on a 100 

cm dish and cultured for 48 h.  Cells were washed with PBS, trypsinized and fixed with 

70% ethanol for 30 min.  Ethanol was removed and cells were treated with RNase (200 

μg/ml) for 30 min.  Cells were then labeled with 50 μg/ml propidium iodide for 30 

minutes and stored at 4o C till flow acquisition 

 

 Cell death assay.  For quantitative assessment of cell death, Aqua LIVE/DEAD® 

Fixable Dead Cell Stain kit (Molecular Probes, Invitrogen) was used. Cells grown in six 
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well plates were treated with C2- Ceramide (40 μM) for 20 h. Similarly, for experiments 

using adenoviral MnSOD and GPX1, the cells were infected with Ad5MnSOD and 

Ad5GPX1 (University of Iowa Gene Transfer Core) at an MOI of 2,000 particles/cell. All 

infections were done at least 36 h before C2- Ceramide treatment. Untreated cells served 

as controls. After treatment, cells were collected along with floating cells, washed once 

with PBS and stained with aqua Live/Dead stain as per manufacturer instructions. The 

cells were then fixed with 3.7% paraformaldehyde and fluorescence intensities were 

acquired using a flow cytometer (LSRII; Becton Dickinson, CA, USA) as described in 

flow cytometry methods (below) or stored at 4o until flow acquisition.  

 

 Luciferase Assay.  HEK293 Neg shRNA, MICU1 knockdown (KD) and MCU 

siRNA treated cells grown on 96 well plates were transfected with either NFAT-

luciferase reporter plasmid (a kind gift from Dr. Gary Koretzky, University of 

Pennsylvania) or control vector using Mirus LT-1 transfection reagent (Mirus) as per 

manufacturer’s instructions. 48 h post-transfection, cells were treated with histamine (100 

μM) for 4 h at 37oC and lysed with 50 μl/well of 1× passive lysis buffer (Promega) and 

the luciferase activity was detected using Bright-GloTM Luciferase Assay System 

(Promega) as per manufacturer’s instruction. Values were normalized with untreated 

controls and the relative luciferase activity (RLU) was plotted using GraphPad PRISM 

software version 5.0 (GraphPad). 
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 NFAT Nuclear Translocation.  HeLa Neg shRNA, MICU1 knockdown (KD) and 

MCU KD cells grown on gelatin coated coverslips were transduced with Ad5-NFATC3-

GFP (a kind gift from Dr. Steven R. Houser, Temple University) at a MOI of 2,000 

particles/cell. 48 h post transduction cells were treated with histamine (100 μM) for 4 h at 

37oC. Confocal images were acquired and nuclear translocation was assessed by counting 

the number of nuclear-GFP positive cells. Data were expressed as percent NFAT-GFP 

nuclear translocation.  

 

 Statistical analysis.  For all statistical analysis, Prism software was used to 

perform two-tailed student t-test to determine significance.  All values represent mean 

values ± standard error of the mean (SEM). 
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CHAPTER 3 

LETM1 IS THE MITOCHONDRIAL 
Ca2+/H+ ANTIPORTER 
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Regulation of Mitochondrial Bioenergetics and Ca2+ Homeostasis by 

LETM1 

 

 

LETM1 Statement of Goals 

Specific Aim 1 Determine how LETM1 regulates Ca2+ homeostasis and 

bioenergetics under physiological settings.  This aim will investigate:  

A) mitochondrial Ca2+ handling in LETM1 silenced HeLa cells and in Wolf-Hirschhorn 

Syndrome (WHS) patient primary fibroblasts. 

B) mitochondrial bioenergetics (Mitochondrial Oxygen consumption rate, ATP 

production, NADH levels) in LETM1 silenced HeLa cells 

C) the role of LETM1 in cell proliferation 

 

Since LETM1 is the Ca2+/H+ antiporter, I hypothesize that alterations in LETM1 

expression and activity will decrease mitochondrial Ca2+ uptake and will result in 

impaired mitochondrial bioenergetics.  Because LETM1 expression is decreased in WHS 

patients, I hypothesize that WHS patients will display impaired mitochondrial Ca2+ 

handling.  This specific aim will seek to characterize the role of LETM1 in mitochondrial 

Ca2+ handling following histamine-mediated Ca2+ mobilization.  It will also be important 

to clarify if LETM1 knockdown alters the activity of the mitochondrial Ca2+ uniporter.  

HeLa cells stably expressing shRNAs targeting LETM1 will be used for mitochondrial 
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Ca2+ handling studies.  Changes in fluorescence intensity will be assessed by confocal 

microscopy (510 Meta; Carl Zeiss, Inc.) in cells loaded with the Ca2+ indicator dye rhod-

2/AM (Invitrogen).  Mitochondrial Ca2+ handling in clinically associated Wolf-

Hirschhorn Syndrome (WHS) patient fibroblasts will be determined.  The clinical 

diagnosis of WHS is based on a heterologous deletion of the LETM1-containing region 

of chromosome 4p.  The unique genotype of WHS patient fibroblasts makes them 

appropriate to investigate the function of LETM1.  LETM1 function will also be 

investigated using siRNA-mediated knockdown in primary murine and rat cells. 

Further, studies will be performed to confirm the effects of LETM1 mediated 

Ca2+ handling alterations on mitochondrial bioenergetics and cellular proliferation.  

Preliminary data suggests that impaired Ca2+ mobilization impacts mitochondrial 

functional parameters including ATP production, oxygen consumption rate, and NADH 

levels.  Flow cytometry analysis will be used to assess whether LETM1 regulates cell 

proliferation.   
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Specific Aim 2 Characterize how LETM1-dependent Ca2+ signaling regulates 

ROS production and autophagy.  This aim will investigate: 

A) the role of LETM1 in mitochondrial ROS production 

B) how LETM1 controls AMPK-dependent autophagy. 

Constitutive Ca2+ transfer to the mitochondria is necessary to prevent elevated basal 

autophagy.  Since LETM1 regulates mitochondrial Ca2+ uptake as the antiporter the I 

hypothesize that knockdown of LETM1 will result in elevated basal autophagy.  Previous 

reports demonstrate that downregulation of LETM1 disrupts ETC complex IV 

supercomplex formation (Tamai et. al., 2008).  Because mitochondria are a site of ROS 

generation, cellular oxidation status may be altered in LETM1 knockdown cells.  To 

investigate the role of LETM1 in mitochondrial ROS production, LETM1 KD HeLa cells 

will be loaded with the superoxide indicator, MitoSox Red (Invitrogen) and imaged with 

Carl Zeiss LSM 510 Meta confocal imaging system.   

Regulation of autophagy is classically associated with nutrient availability and 

extrinsic factors (i.e. hormones and growth factors).  Recently, (Cardenas et. al., 2010) a 

seminal publication has shown that steady-state Ca2+ released from IP3R is transferred to 

mitochondria where it regulates autophagy.  It was recently proposed that LETM1 regulates 

submicromolar mitochondrial Ca2+.  Taken together this raises a strong speculation that 

LETM1 ablation could result in increased autophagy.  Therefore, the autophagy marker, 

LC3-II protein in wild type and LETM1 KD cells will be used to assess the role of LETM1 

in regulation of autophagy.  In addition, wild type and LETM1 ablated cells will be 

transfected with LC3-GFP and analyzed for autophagosome puncta formation by confocal 
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microscopy.  

The following results were generated by experiments performed by Patrick John 

Doonan (P.J.D.) unless otherwise noted in the figure legend.  Experiments performed 

with assistance from Karthik Mallilankaraman (K.M.) and Harish Chinnakonda 

Chandramoorthy (H.C.C.) or in collaboration with Kevin Foskett’s lab (post doc Cesar 

Cardenas, C.C.) is noted in the figure legend. 
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LETM1 Results 

LETM1 Regulates Mitochondrial Calcium Uptake 

To study the role of LETM1 on mitochondrial Ca2+ uptake, siRNA-mediated 

knockdown was employed.  Transient knockdown of LETM1 (Figure 3-1 A) markedly 

reduced GPCR agonist, histamine-induced mitochondrial Ca2+ uptake (Figure 3-1 B) in 

HeLa cells.  Interestingly, the peak amplitude of mitochondrial calcium was significantly 

impaired (Figure 3-1c) while peak amplitude of cytosolic Ca2+ levels remained 

unaffected (Figure 3-1 D).  To further confirm the role of LETM1 in mitochondrial Ca2+ 

handling, lentiviral shRNA-mediated stable knockdown cells were generated (Figure 3-2 

A, B).  Three independent lentiviral transductions resulted in 70% stable knockdown of 

both mRNA and protein levels and these clones (sh2) were used for further studies.  To 

further confirm the specificity of LETM1 shRNA, shRNA-insensitive LETM1 cDNA 

construct were designed and stably reconstituted in sh2 cells (Figure 3-2 C, D).  The 

mitochondrial marker HSP60 was used to confirm that LETM1 knockdown was not a 

result of decreased mitochondrial content (Figure 3-2 D). Mitochondrial and cytoplasmic 

[Ca2+] were measured simultaneously during exposure of the cells to the G-protein 

coupled receptor agonist histamine (100 μM).  Histamine elicited similar peak [Ca2+]i 

responses in the control and KD cells. However, stable knockdown of LETM1 

significantly impaired mitochondrial Ca2+ uptake (Figure 3-3 A, B).  Ectopic expression 

of shRNA insensitive LETM1 in sh2 cells rescued mitochondrial Ca2+ uptake (Figure 3-3 

A, B).  Supraphysiological cytosolic Ca2+ levels can be induced by using the ionophore, 

ionomycin.  Interestingly, ionomycin-induced mitochondrial calcium uptake remained 

unaffected in LETM1 knockdown cells (Figure 3-4 A), suggesting that LETM1 
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participates in Ca2+ uniporter independent pathway.  Using a permeabilized cell system 

we further established that LETM1 knockdown does not impair mitochondrial Ca2+ 

uptake at extra mitochondrial micromolar [Ca2+] (Figure 3-4 B).
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Figure 3-1.  siRNA-mediated Knockdown of LETM1 Resulted in Impaired Ca2+ 

uptake.  Western blot (A) showing LETM1 knockdown in siRNA treated HeLa cells. 

Whole-cell lysates were prepared after 48h of incubation with siRNA directed against 

LETM1.  Scrambled siRNA was used as a control and β-actin expression was used as a 

loading control.  Traces (B) of histamine-induced changes in [Ca2+]c and [Ca2+]m were 

measured in HeLa cells treated with scrambled or LETM1 siRNA (for 48 h) using fluo-4 
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and rhod-2.  Representative changes in mitochondrial Ca2+ uptake (rhod-2 fluorescence) 

in scrambled siRNA control or LETM1 siRNA treated HeLa cells following histamine 

(100 μM) challenge.  Bold line of the trace represents the average of values from three 

independent experiments and the lighter bars in the trace represent the SEM.  Bar graph 

represents the quantitation of peak amplitude for mitochondrial (C) and cytosolic  (D) 

Ca2+ uptake.   
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Figure 3-2.  Lentiviral Delivery of LETM1 shRNA Resulted in Stable Knockdown.  

LETM1 expression in HeLa cells stably expressing either negative shRNA or lentiviral 

shRNAs targeting different regions of letm1 was assessed by qRT-PCR (A) and western 

blot (B).  Ectopic expression of LETM1 carrying nonsense point mutations at sh2 shRNA 

targeting regions rescued the LETM1 mRNA (C) and protein levels (D) in LETM1 KD 

cells. 
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Figure 3-3.  LETM1 Stable Knockdown and Rescue of Mitochondrial Ca2+ Uptake.   

Representative traces (A) show histamine induced changes in [Ca2+]m in wild type, 

negative shRNA, LETM1knockdown (sh2) and LETM1rescue HeLa cells.  Bold line of 

the trace represents the average of values from three independent experiments and the 

lighter bars in the trace represent the SEM.  Bar graph (B) shows peak amplitude of 

mitochondrial Ca2+ uptake.  

 

77 
 



 

 

Figure 3-4.  LETM1-mediated Ca2+ Uptake is Independent of MCU.  Representative 

traces (A) show ionomycin induced changes in [Ca2+]m in wild type, negative shRNA and 

LETM1knockdown HeLa cells.  (B) Digitonin-permeabilized wild type, negative shRNA, 

sh2 or LETM1 rescue HeLa cells bathed in intracellular-like solution containing digitonin 

(40 μg/ml) and thapsigargin (Tg) were loaded with Ca2+ indicator FuraFF, to which 

pulses of 10 μM Ca2+ were added before addition of mitochondrial uncoupler CCCP. 

Representative traces from three independent experiments depict changes of bath [Ca2+].  
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LETM1 Regulates Cellular Bioenergetics 

Deterioration of mitochondrial bioenergetics results in altered mitochondrial Ca2+ 

uptake.  Aberrant mitochondrial calcium uptake may lead to cellular metabolic changes. 

To determine the effects of the observed reduced mitochondrial Ca2+ uptake in cells with 

LETM1 knocked down mitochondrial functional changes were assessed.  In cells lacking 

LETM1, mitochondrial membrane potential (ΔΨm), NAD(P)H levels, oxygen 

consumption rate (OCR) and ATP levels in LETM1 KD HeLa cells were assessed.  

Knockdown of LETM1 was without effect on mitochondrial membrane potential (ΔΨm) 

or NAD(P)H levels (Figure 3-5 A, B).  Interestingly, complex IV mediated OCR was 

markedly reduced in LETM1 knockdown cells while Complex I/II dependent OCR 

remained unaffected in LETM1 knockdown cells (Figure 3-6 A).  Consequently, basal 

ATP levels were significantly decreased LETM1 knockdown cells (Figure 3-6 B).  

Ectopic expression of shRNA-insensitive LETM1 rescued both OCR and ATP levels 

(Figure 3-6 A, B).  Altered mitochondrial bioenergetics may affect cell proliferation. 

Therefore, impaired OCR and ATP production could result in aberrant cellular 

proliferation.  In support of bioenergetic impairment, cellular proliferation was retarded 

in LETM1 knockdown cells (Figure 3-6 C, D).  Collectively, these results demonstrate 

that impaired mitochondrial Ca2+ uptake in LETM1 KD cells decreases mitochondrial 

respiration, ATP production and cellular proliferation.  
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Figure 3-5.  LETM1 Knockdown Does Not Affect Membrane Potential or Basal 

NADH Levels.  Mitochondrial membrane potential (ΔΨm) was assessed in cells loaded 

with TMRE (50 nM) for 30 min.  Confocal images were collected and the TMRE 

fluorescence quantitated using ImageJ software.  (A) Bar graph shows the quantitation of 

TMRE fluorescence (indicator of mitochondrial membrane potential) in wild type, 

negative shRNA, sh2 and LETM1 rescue HeLa cells. (B) Bar graph represents NADH 

autofluorescence in wild type, negative shRNA and sh2 HeLa cells.  
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Figure 3-6.  LETM1 Knockdown Impairs Oxygen Consumption, ATP Levels, and 

Cellular Proliferation.  Mitochondrial oxygen consumption rate was measured in 

permeabilized wild type, negative shRNA, sh2 and LETM1 rescue HeLa cells by 

successive additions of Complex I (5 mM Malate + 5mM Pyruvate), complex II (5 mM 

Succinate) and complex IV (0.4 mM TMPD + 2.5 mM Ascorbate) substrates using 

StrathKelvin sealed oxygen chamber.  (A) Bar graph represents complex I, II and IV 

mediated OCR in wild type, negative shRNA, sh2 and LETM1 rescue HeLa cells. (B) 

LETM1 knockdown decreased cellular energy levels (ATP) (***p=<0.001).  ATP levels 

were measured using Cell Titer-Glo luminescent assay. LETM1 knockdown shows 

decreased proliferation in HeLa cells.  (C) Representative histogram obtained by flow 
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cytometry analysis of CFSE stained cells shows decreased proliferation in LETM1 KD 

cells.  (D) Bar chart represents percent proliferation of LETM1 KD, rescue and control 

cells. 
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Ablation of LETM1 Promotes Mitochondrial Reactive Oxygen Species 

Reports have suggested that impairment of mitochondrial function promotes 

mitochondrial reactive oxygen species (mROS) overproduction (Pivovarova and 

Andrews, 2010).  On the basis of the above findings, the ablation of LETM1 could be 

accompanied by mROS elevation.  Interestingly, mROS was significantly elevated in 

LETM1 KD HeLa cells.  Similar to OCR and ATP rescue experiments, shRNA 

insensitive LETM1 expression in sh2 cells completely abolished mROS accumulation 

(Figure 3-7 A, B).  It is established that delivery of antioxidant genes attenuates 

mitochondrial ROS production and restores mitochondrial function (Hawkins et. al., 

2007).  Overexpression of superoxide dismutase/glutathione peroxidase (MnSOD/GPX) 

abrogated mROS levels in LETM1 KD cells (Figure 3-7 A, B).  Remarkably, 

overexpression of antioxidant genes in sh2 cells restored oxygen consumption rate and 

ATP levels (Figure  3-8 A, B).  Thus far, these results summarize a possible link between 

mROS production and bioenergetic crisis in LETM1 ablated cells. 
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Figure 3-7.  LETM1 Knockdown Elevates Basal Mitochondrial Reactive Oxygen 

Species.  HeLa clones lacking LETM1 (sh2), overexpressing shRNA-insensitive LETM1 

cDNA or sh2 cells overexpressing MnSOD/GPX constructs were stained with the 

mitochondrial superoxide indicator, mitoSOX Red (10μM) and counterstained with 

Hoechst 33342 and imaged by confocal microscopy.  Representative images (A) and 

quantitation (B) of mitoSOX Red stained HeLa wild type, neg, LETM1 KD (sh2), 

LETM1 rescue and MnSOD/GPX overexpressing sh2 cells.  
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Figure 3-8.  Expression of Antioxidant Genes Rescues Oxygen Consumption and 

ATP Levels in HeLa Cells.  LETM1 induced reduction in complex IV mediated OCR 

(A) and ATP levels (B) were rescued by LETM1 rescue or MnSOD/GPX overexpression. 
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Wolf-Hirschhorn Syndrome Patient Fibroblasts Have Decreased Expression of 

LETM1 and Impaired Mitochondrial Calcium Uptake. 

Wolf-Hirschhorn Syndrome (WHS) is a result of a heterozygous deletion of the 

subtelomeric region of the short arm of chromosome 4 (Endele et. al., 1999) which 

encompasses letm1.  Still the role of LETM1 and calcium handling in WHS patient cells 

is unclear.  It is possible that altered letm1 expression in WHS could impair 

mitochondrial calcium uptake.  Primary fibroblasts derived from WHS patients show low 

levels of LETM1 protein expression (Figure 3-9 A).  Although partial loss of LETM1 

protein was observed in WHS patients, ΔΨm (Figure 3-9 B) and mitochondria 

morphology remained unaltered (Figure 3-9 C).  Results demonstrate that mitochondrial 

Ca2+ uptake is significantly suppressed in WHS patient fibroblasts compared to control 

fibroblasts from healthy individual (Figure 3-10 A, B).  While, WHS is a complicated 

syndrome with more than one gene deletion, these results suggest that partial loss of 

letm1 is responsible for mitochondrial calcium deregulation.  Similar to LETM1 

knockdown in HeLa cells, partial loss of LETM1 in WHS fibroblasts resulted in higher 

basal ROS (Figure 3-11 A, B) and decreased ATP levels (Figure 3-11 C).  These results 

indicate that critical role for LETM1 in mitochondrial function. 
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Figure 3-9.  LETM1 Expression levels in Wolf-Hirschhorn Syndrome Patient 

Fibroblasts.  Whole cell lysates (20 μg) of fibroblasts from normal individuals and 

Wolf-Hirschhorn Syndrome patients were used to probe for LETM1 protein expression. 

(A) Western blot shows reduced LETM1 protein levels in patients with WHS. 

Mitochondrial membrane potential as indicated by TMRE fluorescence remained 

unaltered in WHS patient fibroblasts.  Mitochondrial membrane potential (ΔΨm) was 

assessed in fibroblasts loaded with TMRE (50 nM) for 30 min.  Confocal images were 

collected and the TMRE fluorescence quantitated using ImageJ software.  Bar chart 

shows quantitation of TMRE fluorescence (B) and representative images (C) from 

control and WHS patient fibroblasts. 
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Figure 3-10.  Mitochondrial Ca2+ Uptake in Wolf-Hirschhorn Syndrome Patient 

Fibroblasts.  Representative changes in mitochondrial calcium uptake (rhod-2 

fluorescence) in control and WHS patient fibroblasts (A) following thrombin (250mU) 

challenge.  Bold line of the trace represents the average of values from three independent 

experiments and the lighter bars in the trace represent the SEM. (B) Bar graph represents 

the quantitation of peak amplitude for mitochondrial calcium uptake. 
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Figure 3-11. Mitochondrial Reactive Oxygen Species in Wolf-Hirschhorn Syndrome 

Patient Fibroblasts.  Representative images (A) of mitoSOX Red stained control and 

WHS patient fibroblast showing mitoSOX Red fluorescence (indicator of mitochondrial 

superoxide).  (B) Bar graph represents the quantitation of mitochondrial superoxide in 

control and WHS patient fibroblasts.  (C)Bar graph represents the total cellular ATP 

levels in control and WHS patient fibroblasts.  ATP levels were measured using Cell 

Titer-Glo luminescent assay 
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LETM1 Regulates Mitochondrial Calcium Uptake and Cellular Proliferation in 

Primary Cells. 

Mitochondrial Ca2+ uptake plays a central role in regulating cellular proliferation 

in lymphocytes.  Freshly purified B-lymphocytes (Figure 3-12 A) and hematopoietic cells 

(HPCs) treated with LETM1 specific siRNA resulted in significant reduction in LETM1 

mRNA levels (Figure 3-12 B).  LETM1 silencing in B-lymphocytes, significantly 

abrogated mitochondrial Ca2+ uptake (Figure 3-13 C, D) and cell proliferation (Figure 3-

13 A, B). Similarly, decreased proliferation was observed in LETM1 silenced 

hematopoietic cells of the bone marrow (Figure 3-13 C, D).  The role of mitochondrial 

calcium uptake in cardiomyocytes remains controversial.  Interestingly, transient 

knockdown of LETM1 in rat primary cardiomyocytes attenuated mitochondrial Ca2+ 

uptake (Figure 3-14 A, B).  Taken together, these studies reveal that LETM1 regulates 

mitochondrial Ca2+ uptake and cellular metabolism in multiple cell types and even across 

multiple species. 
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Figure 3-12. LETM1 Regulates Mitochondrial Ca2+ Uptake in Primary B Cells.  

Mouse B-lymphocytes purified (A) from freshly isolated splenocytes were treated with 

LETM1 siRNA and (B) LETM1 mRNA expression was assessed by qRT-PCR.  

Similarly hematopoietic cells (HPCs) from bone marrow were treated with LETM1 

siRNA and (B) LETM1 mRNA expression was assessed by qRT-PCR.  Representative 

traces of mitochondrial Ca2+ uptake (C) and (D) quantitation of peak amplitude in B-cells 

following IgM stimulation (1.5 μg/ml) shows decreased mitochondrial Ca2+ uptake in 

LETM1 ablated cells. LETM1. 
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Figure 3-13.  LETM1 Regulates Cellular Proliferation in Primary B Cells.  LETM1 

knockdown shows decreased proliferation in stimulated B-cells and HPCs. 

Representative histogram obtained by flow cytometry analysis of CFSE stained B-cells 

(A) and HPCs (C) shows decreased proliferation in LETM1 ablated cells.  Bar charts 

shows marked decrease in percent proliferation of LETM1 ablated, B-cells (B) and HSCs 

(D) compared to their wild-type counterparts.  Data provided by Harish Chinnakonda 

Chandramoorthy. 
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Figure 3-14.  RNAi-Mediated LETM1 Knockdown in Rat Neonatal Cardiomyocytes 

Exhibits Lower Mitochondrial Flux.  Representative traces of mitochondrial Ca2+ 

uptake (A) and (B) quantitation of peak amplitude in scrambled or LETM1 siRNA 

treated rat neonatal cardiomyocytes following thrombin (250mU) challenge.  Bold line of 

the trace represents the average of values from three independent experiments and the 

lighter bars in the trace represent the SEM.  Data are represented as mean ± SEM. * P < 

0.05, t –test.   

Figure 3-14.  RNAi-Mediated LETM1 Knockdown in Rat Neonatal Cardiomyocytes 

Exhibits Lower Mitochondrial Flux.  Representative traces of mitochondrial Ca2+ 

uptake (A) and (B) quantitation of peak amplitude in scrambled or LETM1 siRNA 

treated rat neonatal cardiomyocytes following thrombin (250mU) challenge.  Bold line of 

the trace represents the average of values from three independent experiments and the 

lighter bars in the trace represent the SEM.  Data are represented as mean ± SEM. * P < 

0.05, t –test.   

 

93 
 

93 
 



 

EF-hand Motif of LETM1 is Necessary for Mitochondrial Ca2+ Uptake 

LETM1 is type-I transmembrane protein and its canonical Ca2+ binding EF-hand domain 

is highly conserved across the species (Schlickum et. al., 2004).  Therefore, the  EF-hand 

domain may function as a critical region for mitochondrial Ca2+ transport.  To investigate 

the role of EF-hand domain in LETM1, two unique mutant constructs were designed 

from wild type LETM1 cDNA (Figure 3-15A) that lacked either the entire twelve amino 

acid putative calcium binding region of LETM1 (Figure 3-15 B) or the critical residues of 

position one and twelve within the EF hand domain (Figure 3-15 C).  Mitochondrial 

localization of the mutant LETM1 by heterologous expression of ΔEF LETM1 and D676A 

D688KLETM1 was verified in HeLa cells.  Heterologous expression of either mito-GFP or 

full length LETM-GFP in HeLa cells were used as controls.  Neither mutation nor 

deletion of EF-hand had any effect on mitochondrial localization of LETM1 (Figure 3-

16).  Further, heterologous expression of ΔEF LETM1 or D676A D688KLETM1 significantly 

impaired mitochondrial Ca2+ uptake (Figure 3-17 A, B).  These findings demonstrate the 

importance of EF hand domain for LETM1 to function efficiently in mitochondrial Ca2+ 

transport.  
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Figure 3-15.  Schematic Representation of LETM1 Protein Domains and Mutant 

Constructs.  Schematic representation of LETM1 protein showing full length (A), EF 

hand deletion (B) and EF hand mutation regions (C).  cDNA plasmids that encoded for 

LETM1 protein were overexpressed in cells to characterize EF hand domain. 
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Figure 3-16. Ectopic expression of GFP-LETM1 in HeLa cells.  Representative 

images show the mitochondrial localization of (A) mitoGFP, (B) full length LETM1-

GFP, (C) LETM1ΔEF-GFP, and (D) D676A D688K double mutant LETM1-GFP. 
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Figure 3-17.  EF-hand motif of LETM1 is Necessary for Mitochondrial Ca2+ Uptake.  

Representative traces (A) show mitochondrial Ca2+ uptake (rhod-2 fluorescence) in HeLa 

cells expressing full length, ΔEF and D676A D688K double mutant LETM1 following 

histamine (100 μM) challenge.  Bold line of the trace represents the average of values 

from three independent experiments and the lighter bars in the trace represent the SEM. 

(B) Bar graph represents the quantitation of peak amplitude for mitochondrial Ca2+ 

uptake. 
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Ablation of LETM1 Influences Basal Autophagy and Cell Cycle Arrest 

Decreased ATP levels in LETM1 ablated cells (Figure 3-6 B), led to the 

hypothesis that cellular ADP:ATP and AMP:ATP ratios could be altered; which 

determine cell growth and proliferation.  Therefore, autophagy in LETM1 knockdown 

cells was investigated.  LC3-GFP puncta (autophagosome) formation in wild-type, 

LETM1 KD and LETM1 sh2 rescue cells was evaluated.  Interestingly, a large number of 

LC3-GFP puncta were seen in LETM1 KD cells which was abrogated in cells 

reconstituted with shRNA-insensitive LETM1 (Figure 3-18).  Further, LC3 processing 

was elevated in LETM1 KD cells (Figure 3-19 A, C).  Cells with high AMP/ATP ratios 

may have hyperactivated AMPK.  AMPK is a central bioenergetic sensor that results in 

autophagosome formation.  In addition to LC3 puncta formation, we also observed 

increased phosphorylated (active) AMPK levels in LETM1 KD cells.  These data suggest 

a link between LETM1 and autophagy.  Cell cycle in LETM1 KD cells was analyzed.  

Surprisingly, LETM1 ablated cells had an accumulation of S phase cells in which was 

markedly reversed by reexpression of LETM1 (Fig 3-20 A, B).  Together, these results 

show that LETM1 likely participates in cell growth and prosurvival autophagy.  
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Figure 3-18. Ablation of LETM1 Elevates Basal Autophagy.  Representative confocal 

images of GFP-LC3 in (A) wild type, (B) negative shRNA, (C) sh2 and (D) LETM1 

rescue HeLa cells.  Increased LC3-GFP puncta formation is seen in sh2 HeLa cells.  
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Figure 3-19. Ablation of LETM1 Activates AMPK and Elevates Basal Autophagy.  

Western blot (A) of LC3 or tubulin in wild type, negative shRNA, sh2 and LETM1 

rescue HeLa cells and quantification (B) of LC3-II/(LC3-I + LC3-II) expressed as fold 

increase over WT levels.  Western blot of P-AMPK, AMPK or tubulin in wild type, 

negative shRNA, sh2 and LETM1 rescue HeLa cells and quantification (C) of P-

AMPK/AMPK expressed as fold increase over WT levels.  Data provided by Cesar 

Cardenas. 
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Figure 3-20. Ablation of LETM1 Results in Cell Cycle Arrest.  Representative 

histogram (A) and the quantitative data table (B) of cell cycle stages in wild type, 

negative shRNA, sh2 and LETM1 rescue HeLa cells at 24 and 48 h.  Cells were stained 

at the indicated time points with propidium iodide and analyzed by flow cytometry. Data 

provided by Harish Chinnakonda Chandramoorthy. 
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LETM1 Discussion 

LETM1 is an EF-hand domain containing, leucine zipper protein with several 

coiled-coil regions that was originally proposed to play a role in mitochondrial Ca2+ 

homeostasis (Endele et. al., 1999).  A decade later the role of LETM1 in mitochondrial 

Ca2+ transport was confirmed from an unbiased genome-wide RNAi screen (Jiang et. al., 

2009).  This project set out to determine if LETM1 played a role in cellular bioenergetics.  

Our targeted RNA interference studies with both siRNA and lentiviral shRNAs 

confirmed the role of LETM1 in mitochondrial Ca2+ uptake.  Although previous studies 

have implicated LETM1 in K+ homeostasis (Nowikovsky et. al., 2004; Froschauer et. al., 

2005), the results presented here, using three different approaches (dominant-negative, 

siRNA, and shRNA), show that LETM1 plays a role in mitochondrial Ca2+ uptake.  The 

role of LETM1 in mitochondrial Ca2+ entry has been established by several other groups 

(Jiang et. al., 2009; Waldeck-Weiermair et. al., 2011) in several cells types (S2, HeLa and 

EA.hy926) but the phenotypic changes that occur due to LETM1 loss remains poorly 

understood.  Interestingly, HeLa cells lacking LETM1 were viable and had little effect on 

mitochondrial morphology.  While others (Dimmer et. al., 2008) observed mitochondrial 

fragmentation in cells treated with two different siRNAs against LETM1or cells that 

overexpress LETM1, this study with both siRNA as well as stable shRNA-mediated 

LETM1 knockdown did not show mitochondrial fragmentation.  Transfection with low-

grade reagent can stress mitochondria and cause mitochondrial fragmentation.  Also, our 

work is the first time that stable, shRNA-mediated knockdown clones have been 

generated to avoid the artifact of transfection reagent. 
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Interestingly, LETM1 regulates mitochondrial Ca2+ flux in low Ca2+ 

concentrations (such as GPCR mediated cytosolic Ca2+ elevation), however, LETM1 

knockdown had little effect on submillimolar cytosolic Ca2+ elevation.  Mitochondrial 

Ca2+ buffering at nerve terminals has been proposed (Herrington et. al., 1996; David et. 

al., 1998; Boitier et. al., 1999; Macaskill et. al., 2009; Barsukova et. al., 2011; ) as a 

survival mechanism.  Toxic elevations of cytosolic Ca2+ can be buffered by mitochondria.  

Our data suggests that LETM1 may play a role in mitochondrial Ca2+ buffering as a 

protective role in neurons, however, LETM1 knockdown in neurons remains to be 

studied.  The role of LETM1 in preventing excitotoxicity is unclear however our data 

demonstrating that LETM1 regulates submicromolar Ca2+ concentrations leads us to 

speculate that it is a candidate for such survival mechanisms.  Using cells from three 

different species (mouse, rat and human) these results show that LETM1 mediates 

mitochondrial Ca2+ uptake which suggests that LETM1-dependent mitochondrial Ca2+ 

flux is crucial for mitochondrial physiology.  The essential nature of Ca2+ in the 

mitochondrial matrix and its allosteric regulation of isocitrate dehydrogenase, α-

ketoglutarate dehydrogenase, and pyruvate dehydrogenase has been widely established 

(Denton et. al., 1972; Denton et. al., 1978; Denton, 2009).  Therefore, any perturbation in 

mitochondrial Ca2+ homeostasis could conceivably alter mitochondrial bioenergetics.  As 

hypothesized, impaired mitochondrial Ca2+ uptake as a result of LETM1 knockdown 

resulted in impaired bioenergetics.   

Consistent with previous reports (Tamai et. al., 2008; Jiang et. al., 2009), ablation 

of LETM1 did not alter mitochondrial membrane potential.  However, an extended 

doubling time in LETM1 KD cells was observed.  These results showed that disruption of 
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LETM1 lowers ATP synthesis in HeLa cells suggesting the importance of LETM1 

mediated Ca2+ flux for mitochondrial bioenergetics.  The role of [Ca2+]m in stimulating 

the tricarboxylic acid (TCA) cycle and oxidative phosphorylation is well established 

(Azzone et. al., 1977; Bernardi et. al., 1984; Denton 2009).  The overall effect of elevated 

[Ca2+]m is the coordinated up-regulation of the respiratory chain and ATP synthase 

activities resulting in higher ATP synthesis.  Lower ATP levels in LETM1 KD HeLa 

cells suggested a defect in ETC activity.  Interestingly, LETM1 KD resulted in a marked 

inhibition of complex IV activity but other complex activities remain unchanged.  The 

mechanism by which LETM1 regulates complex IV oxygen consumption remains to be 

elucidated.  The Ca2+ regulatory role of LETM1 that this project has confirmed could 

result in a downstream effect on oxygen consumption.  It has been suggested (Balaban et. 

al., 2005; Glancy and Balaban, 2012) that mitochondrial Ca2+ can regulate the activity of 

ATP synthase or other yet to be discovered regulatory phosphotases however this 

hypothesis remains controversial and untested.  More likely however, LETM1 may serve 

as a scaffolding protein that results in incomplete formation of the supercomplexes of the 

ETC resulting in inefficient transfer of electrons and decreased oxygen consumption.  

Ablation of LETM1 is known to decrease mitochondrial supercomplex formation (Tamai 

et. al., 2008).  Without proper supercomplex formation, the ability of complex IV to 

retain partially reduced oxygen decreases, resulting in basal ROS elevation.  Notably, 

increased mROS in LETM1 KD cells observed in this study correlates with the reduced 

complex IV activity a result of previously reported decreased mitochondrial 

supercomplex formation.  In most cell types, reactive oxygen species in response to 

various stimuli are necessary for cell signaling, but ROS overproduction could lead to 
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mitochondrial dysfunction and cell death.  Although mitochondria are crucial for Ca2+ 

buffering and energy production, malfunction of mitochondrial complexes may lead to 

reactive oxygen species overproduction.  Indeed, in LETM1 KD cells, the inactivation of 

complex IV resulted in a marked elevation of mitochondrial superoxide levels.  

Interestingly, either reconstitution of LETM1 or ectopic expression of antioxidant genes 

abrogated the superoxide overproduction in LETM1 KD cells.  Our study is the first to 

describe the link between LETM1 and mROS and further work is necessary to clarify this 

link.   

Individuals with the mitochondrial disease Wolf-Hirschhorn Syndrome (WHS) 

have a hemizygous deletion of LETM1 however only one study (Dimmer et. al., 2008) on 

LETM1 has utilized WHS patient cells.  We obtained patient fibroblasts to study 

mitochondrial Ca2+ uptake in a LETM1 ablated setting.  When mitochondrial Ca2+ flux 

was evoked after thrombin challenge, significant reduction of mitochondrial Ca2+ uptake 

occurred in fibroblasts from WHS.  To our knowledge this is the first time that a decrease 

in LETM1 observed in WHS patient fibroblasts has been implicated in impaired 

mitochondrial Ca2+ uptake. 

Until recently, (De Stefani et. al., 2011) the molecular identity of the 

mitochondrial Ca2+ uniporter was unknown.  With its discovery the molecules 

responsible for its regulation have become a new frontier.  Prior to this identification, 

UPC2/3 and LETM1 demonstrated roles in regulating mitochondrial Ca2+ entry 

independent of MCU (Waldeck-Weiermair et. al., 2010, Jiang et. al., 2010).  MCU has 

recently been identified as the core component of the mitochondrial Ca2+ uniporter.  More 

importantly, regulatory subunits MICU90A and MICU1 have also been identified.  
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Interestingly, using RNAi approach, De Stefani et. al. and Perocchi et. al. reported that 

knockdown of MCU protein expression impaired mitochondrial Ca2+ uptake but minimal 

uptake remains, suggesting the existence of alternative mode of Ca2+ entry.  Our work 

shows that stable knockdown of LETM1 impairs mitochondrial Ca2+ uptake by ~25% 

whereas MCU knockdown impairs mitochondrial Ca2+ uptake by ~75%.  Further work is 

necessary to determine if these two mutually exclusive mitochondrial Ca2+ uptake 

pathways account for all transporters.  Thus, LETM1 is a mitochondrial resident protein 

that regulates mitochondrial Ca2+ flux which functions to regulate cellular bioenergetics.   
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CHAPTER 4 

MICU1 REGULATES BASAL 
MITOCHONDRIAL Ca2+ AS THE 

GATEKEEPER OF MCU 
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Regulation of Mitochondrial Bioenergetics and Ca2+ Homeostasis by 

MICU1 

 

MICU1 Statement of Goals 

Specific Aim 1 Determine how MICU1 regulates the mitochondrial Ca2+ 

uniporter.  This aim will investigate: 

A) basal mitochondrial Ca2+ in MICU1 silenced HeLa cells 

B) mitochondrial Ca2+ uptake rates and MCU channel parameters in MICU1 silenced 

HeLa cells 

C) mitochondrial bioenergetics in MICU1 silenced HeLa cells 

 

Preliminary findings suggest that MICU1 regulates basal mitochondrial Ca2+ 

uptake.  This work demonstrates that HeLa cells lacking MICU1 have elevated 

mitochondrial calcium relative to wild type HeLa cells.  Contrary to published reports 

(Perocchi et. al., 2010), preliminary studies show that mitochondrial lacking MICU1 

reach a maximal mitochondrial Ca2+ concentration that is similar to wild type.  It appears 

that MICU1 regulates MCU in a negative fashion thereby preventing constitutive 

mitochondrial Ca2+ uptake.  To investigate this possibility, shRNA will be used to 

generate a cell line that has a stable knockdown of MICU1.  Basal mitochondrial Ca2+ 
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will be assessed by confocal microscopy using the Ca2+ indicator dye rhod-2.  This study 

will also investigate if MICU1 interacts with MCU and determine if the elevated 

mitochondrial Ca2+ calcium seen in preliminary results is MCU-mediated.  Ru360 is the 

classical inhibitor of the mitochondrial Ca2+ uniporter, therefore this molecule in 

conjunction with other inhibitors of mitochondrial Ca2+ efflux will be used to determine 

the function of MICU1.  siRNA-mediated knockdown of MCU will also be performed to 

determine if the MICU1 Ca2+ phenotype is in the same pathway as MCU-mediated 

mitochondrial Ca2+ uptake. 

Creation of a stable cell line that lacks MICU1 will be beneficial for further 

experiments that require a large numbers of cells.  Mitochondrial Ca2+ uptake studies 

performed in intact cells by confocal microscopy will be confirmed by a permeabilized 

cell study.  Ten million cells will be added to a spectrofluorometer cuvette and gently 

permeabilized using digitonin (40 μg / ml).  This allows for direct manipulation of 

extramitochondrial Ca2+ concentrations and for determination of mitochondrial Ca2+ 

uptake.  Cells are pulsed with Ca2+ and a decrease in Fura-FF Ca2+ indicator dye 

fluorescence is correlated to Ca2+ uptake into the mitochondria because the cells are in 

the presence of the ER Calcium ATPase inhibitor, Thapsigargin.  This method will be 

used to determine basal mitochondrial Ca2+ as well as mitochondrial Ca2+ uptake rates.  It 

will be important to determine if MICU1 knockdown impairs the characterized uptake 

rates of MCU. 

This aim will seek to characterize the role of MICU1 in MCU-mediated Ca2+ 

uptake.  Further studies will be performed to determine the effects of MICU1 knockdown 

of cellular bioenergetics.  Since MICU1 has been shown to play a role in regulating 
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mitochondrial Ca2+ uptake, I hypothesize that MICU1 knockdown will result in impaired 

mitochondrial Ca2+ homeostasis and mitochondrial bioenergetics. 

 

 

 

Specific Aim 2 Determine how MICU1 knockdown affects cellular bioenergetics 

and if MICU1 is essential for cell survival under stressing agents.  This aim will 

investigate: 

A) the role of MICU1 in mitochondrial ROS production 

B) how MICU1 regulates autophagy 

C) whether MICU1 knockdown sensitizes cells to stressing agents 

Previous work has demonstrated that altering mitochondrial Ca2+ homeostasis has 

drastic effects on mitochondrial reactive oxygen species production.  Therefore, the 

siRNA-mediated depletion of MICU1 that results in elevated mitochondrial Ca2+ suggests 

alterations in ROS production.  To that end, HeLa cells that lack MICU1 will be assessed 

for mitochondrial ROS levels by using confocal microscopy and the mitochondrial 

superoxide indicator, mitoSOX Red.  I hypothesize that altered mitochondrial Ca2+ 

homeostasis will result in elevated mitochondrial reactive oxygen species which may 

sensitize cell to stress. 

 Constitutive transfer of Ca2+ to the mitochondrial matrix plays a central role in 

regulating cellular autophagy (Cardenas et. al., 2010).  Therefore, it is plausible that 
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knocking down MICU1 will alter basal cellular autophagy.  It is also important to 

determine how MICU1 ablation may increase a cell’s susceptibility to stressing agents 

like ceramide.  These experiments will demonstrate the role of MICU1 under stressed 

conditions.  Finally, the role of the EF hand domains of MICU1 will be evaluated.  

MICU1 contains the canonical calcium binding domain, EF hand.  Rescue constructs will 

be designed that lack the cation-binding residues within MICU1.  

 This aim seeks to characterize the role of MICU1 in regulating mitochondrial 

ROS production and sensitization to cell stressing agents.  Further, experiments will be 

performed to determine if MICU1 knockdown results in elevated autophagy. 

The following results were generated by experiments performed by Patrick John 

Doonan (P.J.D.) unless otherwise noted in the figure legend.  Experiments performed 

with assistance from Karthik Mallilankaraman and Harish Chinnakonda Chandramoorthy 

is noted in the figure legend.  Data contributed by Kevin Foskett’s lab (post doc Cesar 

Cardenas) is noted in the figure legend. 
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MICU1 Results 

Knockdown of MICU1 Causes Basal Mitochondrial Ca2+ Accumulation 

To examine the role of MICU1 in mitochondrial Ca2+
 homeostasis, HeLa cells 

were transfected with MICU1 siRNA to silence its expression or a non-targeting 

scrambled siRNA as control (Figure 4-1A).  Mitochondrial [Ca2+] ([Ca2+]m) under resting 

conditions was measured by confocal microscopy of rhod-2 fluorescence.  It has been 

previously demonstrated that rhod-2 can be used for [Ca2+]m determinations in this cell 

line (Collins et. al., 2001; Hawkins et. al.; Madesh et. al., 2005; Moreau et. al., 2006; 

Rutter et. al., 1996).  Strikingly, [Ca2+]m was constitutively elevated in the cells with 

MICU1 knocked down (Figures 4-1C, and Figure 4-2 A).  It was previously reported that 

MICU1 expression was required for mitochondrial uniporter-mediated Ca2+
 uptake 

(Perocchi et. al., 2010).  Nevertheless, siRNA-mediated knockdown of MICU1 did not 

affect the ability of mitochondria to accumulate Ca2+
 in response to an agonist-induced 

rise of [Ca2+]i (Figures 4-2A, B and D).  siRNA-mediated knockdown of MICU1 

expression did not affect the magnitude of the histamine-induced [Ca2+]i rise (Figure 4-

2C) nor mitochondria membrane potential (ΔΨm) (Figure 4-2E).  

Constitutive elevation of [Ca2+]m and normal agonist-induced mitochondrial Ca2+
 

uptake are inconsistent with the original description of MICU1 as an essential component 

of uniporter  mediated mitochondrial Ca2+
 uptake.  Recently, a mitochondrial inner 

membrane protein CCDC109A (named MCU) was identified as the pore forming subunit 

of the mitochondrial uniporter (Baughman et. al., 2011; De Stefani et. al., 2011).  To 

confirm that MICU1 and MCU knockdown (KD) are not functionally equivalent, the 
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effects of knocking down expression levels of both proteins in independent assays were 

compared.  It was previously demonstrated (Cardenas et. al., 2010) that inhibition of 

basal inositol triphosphate receptor (IP3R)-mediated Ca2+
 release resulted in insufficient 

Ca2+
 transfer from the endoplasmic reticulum (ER) to mitochondria to support optimal 

bioenergetics.  As a consequence, cellular [AMP]:[ATP] ratio was elevated and 

autophagy was activated as a pro-survival mechanism (Cardenas et al., 2010).  If MCU 

and MICU1 are each required for mitochondrial Ca2+
 uptake, one would speculate that 

knockdown of either protein would elevate [AMP]:[ATP] and induce autophagy.  

Nevertheless, whereas [AMP]:[ATP] was increased in cells with MCU knocked down, it 

was unchanged in MICU1 KD cells (Figure 4-3A).  Elevated autophagy was detected by 

quantitative measurements of the autophagy marker LC3-II (Klionsky et. al., 2008) in 

HeLa cells with MCU knocked down, but it was unchanged in the MICU1 siRNA treated 

cells (Figure 4-3B,C).  These results demonstrate that knockdown of MCU and MICU1 

are not functionally equivalent.  Whereas the effects of MCU knockdown are as expected 

if MCU plays an essential role in mitochondrial Ca2+
 uptake, those of MICU1 are not.  

These results strengthen the conclusion that MICU1 is not essential for mitochondrial 

Ca2+
 uptake, and support the notion that it plays a distinct role. 
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Figure 4-1.  MICU1 Silencing Promotes Basal Mitochondrial Ca2+ Accumulation.  

MICU1 mRNA (A) and protein (B) levels in HeLa cells transiently transfected with 

scrambled and MICU1 siRNAs (mean ± S.E.; n = 3; ***, P < 0.001).  (C) HeLa cells 

treated with indicated siRNAs were loaded with cytosolic (fluo-4 AM) and mitochondrial 

(rhod-2 AM) [Ca2+] indicators.  Fluorescence was monitored simultaneously by confocal 

microscopy during stimulation with histamine (100 μM).  Representative confocal 

images of scrambled siRNA (Scr siRNA) and MICU1 siRNA treated HeLa cells showing 

rhod-2 fluorescence.  (D) Quantification of basal rhod-2 fluorescence in Scr siRNA and 

MICU1 siRNA treated cells.  

 
 

115



 

Figure 4-2.  siRNA-Mediated Ablation of MICU1 Results in Elevated Basal 

Mitochondrial Ca2+.  Kinetic traces of cytosolic (black) and mitochondrial (red) [Ca2+] 

in Scr siRNA (A) and MICU1 siRNA (B) treated HeLa cells in response to histamine 

(100 μM) (solid lines are mean; shaded regions are ± S.E.; n=3).  Quantification of 

cytosolic (C, grey) and mitochondrial (D, red) [Ca2+] peak amplitude in Scr siRNA and 

MICU1 siRNA treated cells.  Mean ± S.E.; ns, not significant; n=3.  Quantification of 

TMRE fluorescence to assess ΔΨm (E) in Scr siRNA and MICU1 siRNA treated cells. 

Mean ± S.E.; ns, not significant; n=3. 

 
 

116



 

 

Figure 4-3.  siRNA-mediated Ablation of MICU1 Does Not Change ATP levels or 

Autophagy Contrary to MCU-Ablation.  (A) Transient knockdown of MCU but not 

MICU1 increases AMP:ATP ratio in HeLa cells, expressed as fold increase over cells 

transfected with scrambled siRNA (mean ± S.E.; n = 3; ** P < 0.01, ns, not significant).  

Western blot of LC3 and tubulin in HeLa cells with either MCU (B) or MICU1 (C) 

transiently knocked down (top) and quantification (bottom) in presence or absence of 

Xestospongin B (XeB) expressed as fold increase over scrambled siRNA as control 

(mean ± S.E.; n = 3; ***, **, P < 0.001 and 0.01, respectively; ns, not significant). 

Experiments performed by Cesar Cardenas. 
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Stable Knockdown of MICU1 Causes Basal Mitochondrial Ca2+
 Accumulation 

HeLa cells were transduced with lentiviral shRNAs targeting different regions of 

MICU1 gene to generate four stable cell lines with MICU1 knocked down to variable 

extents (Figure 4-4 A).  Two clones, shHe#B4 and shHe#B6 had 80.7% and 82.6% 

mRNA knockdown, respectively (Figure 4-4 A).  Clone shHe#B6 was used for 

subsequent experiments.  As in the cells treated with MICU1 siRNA, [Ca2+]m was 

constitutively elevated in the cells with MICU1 stably knocked down (Figure 4-5 A, B), 

with elevated basal [Ca2+]m correlated with the degree of knockdown (Figure 4-5 B, see 

also Figure 4-4A).  Also as in the siRNA-treated cells, histamine-induced mitochondrial 

Ca2+
 uptake (Figure 4-6 A, B) and rise of [Ca2+]i (Figure 4-6 C) were unaltered in cells 

with MICU1 stably knocked down.  Nor was ΔΨm (Figure 4-6D) or [AMP]:[ATP] ratio 

(Figure 4-7A) affected, and autophagy was not activated (Figure 4-7B).  Lack of 

autophagy induction in the MICU1 KD cells was not due to intrinsic defects in autophagy 

since Xestospongin B (XeB), a specific InsP3R inhibitor, induced autophagy similarly in 

control and KD cells (Figure 4-7B).  
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Figure 4-4. Stable Knockdown Clones of MICU1. 

(A) MICU1 mRNA (left) and protein (right) in HeLa cells stably expressing MICU1 

lentiviral shRNAs targeting different regions of MICU1 (mean ± S.E.; n = 3). 
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Figure 4-5.  Basal Mitochondrial Ca2+ is Elevated in Stable Knockdown Clones of 

MICU1.  (A) Representative confocal images of rhod-2 fluorescence in HeLa Neg 

shRNA (control) and MICU1 shRNA clone KD #B6 cells.  (B) Quantification of basal 

rhod-2 fluorescence in HeLa Neg shRNA (control) and MICU1 shRNA KD clones.  

Mean ± S.E.; ns, not significant; **: P < 0.01, n=3.  
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Figure 4-6.  Mitochondrial Ca2+ Uptake is Unaffected as well as Mitochondrial 

Membrane Potential in Stable Knockdown Clones of MICU1.  (A) Kinetics of 

mitochondrial [Ca2+] in HeLa Neg shRNA (control) and MICU1 shRNA KD clone #B6 

cells in response to histamine (100 μM). (Solid lines are mean; shaded regions are ± S.E.; 

n=3).  Quantification of cytosolic (B, purple) and mitochondrial (C, green) [Ca2+] peak 

amplitudes in HeLa Neg shRNA (control) and MICU1 shRNA KD clone #B6 cells after 

stimulation with histamine (100 μM).  Mean ± S.E.; ns, not different; n=3.  (D) 

Quantification of TMRE fluorescence to assess mitochondrial membrane potential 

(ΔΨm) in HeLa Neg shRNA (control) and MICU1 shRNA KD clones.  Mean ± S.E.; ns, 

not different;, n =3.  
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Figure 4-7.  ATP Levels and Autophagy Are Unaffected in Stable Knockdown 

Clones of MICU1.  (A) Lack of effect of stable MICU1 knockdown on basal and 

oligomycin-induced AMP:ATP ratio expressed as fold increase over Neg shRNA cells 

(mean ± S.E. ; n = 3; ***, **, P < 0.001 and 0.01, respectively; ns, not significant).  (B) 

Western blot (top) of LC3 and tubulin and quantification (bottom) of LC3 in stable HeLa 

MICU1 knockdown clones in presence or absence of Xestospongin B (XeB) (mean ± 

S.E.; n =3).  Experiments performed by Cesar Cardenas. 
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Stable Knockdown of MICU1 Causes Elevated Translocation of NFAT 

Defective mitochondrial Ca2+
 uptake can result in enhanced agonist-induced 

[Ca2+]i responses (Hoth et. al., 2000; Simpson and Russell, 1998).  As an independent 

method to compare the roles of MCU and MICU1, the activity of the Ca2+
 dependent 

transcription factor NFAT was examined in MICU1 and MCU KD cells expressing a 

NFAT-luciferase construct.  In response to histamine, [Ca2+]i was elevated for a 

prolonged period in MCU KD cells, in contrast to the more transient response in cells 

with MICU1 knocked down (Figure 4-8 A).  NFAT was strongly activated in cells with 

MCU knocked down cells whereas only weak activation was observed in MICU1 KD 

cells (Figure 4-8 B).  To confirm this, MICU1 and MCU KD cells were transduced with 

NFAT-GFP adenovirus for 48 h and NFAT nuclear translocation was assessed after 

histamine challenge.  Quantitative confocal imaging of nuclear GFP-positive cells 

showed increased nuclear translocation in MCU-silenced cells compared with cells with 

MICU1 knocked down (Figure 4-8 C, D).  Together these results suggest that MICU1 is 

not required for uniporter-dependent mitochondrial Ca2+
 uptake, nor does it function 

similarly to MCU.  Instead, they suggest that MICU1 may play a role in constitutively 

suppressing mitochondrial Ca2+
 uptake under resting conditions. 
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Figure 4-8. NFAT Translocation in Stable Knockdown Clones of MICU1.  (A) 

Representative responses to histamine (100 μM) of cytosolic and mitochondrial [Ca2+] in 

HeLa cells treated with siRNA against MICU1 or MCU.  (B) Quantification of NFAT-

dependent luciferase activity in NFAT-Luc expressing HeLa cells transfected with 

MICU1 or MCU siRNA in response to histamine (100 μM) for 4 h (mean ± S.E.; n = 3).  

(C) Representative confocal images showing NFAT-GFP nuclear translocation following 

histamine stimulation in MICU1 and MCU knockdown cells.  (D) Quantification of 

NFAT-GFP nuclear accumulation in MICU1 and MCU knockdown cells. 
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Constitutive Mitochondrial Ca2+
 Accumulation in MICU1 Knockdown Cells Occurs 

Through MCU-Mediated Ca2+
 Uptake 

MICU1 was shown to physically interact with MCU (Perocchi et. al., 2010).  

Although MICU1 was proposed to be an essential component of the uniporter necessary 

for MCU-dependent mitochondrial Ca2+
 uptake, these observations here suggest that 

MICU1 plays a different role.  Nevertheless, the results confirmed that MICU1 interacts 

with MCU (Figure 4-9 A).  Furthermore, MICU1 knockdown did not alter the expression 

level of MCU (Figure 4-9 B).  Therefore MICU1 may function to inhibit MCU-mediated 

Ca2+
 uptake, and the observed basal mitochondrial Ca2+

 accumulation in MICU1 ablated 

cells occurs through uncontrolled MCU-dependent Ca2+
 uptake.  To test this, MCU 

expression was silenced by >85% (Figure 4-9 B) in control negative shRNA and MICU1 

knockdown HeLa cells using siRNA specific to MCU, and then basal [Ca2+]m and 

agonist-induced mitochondrial Ca2+
 uptake were assessed.  Histamine-induced 

mitochondrial Ca2+
 uptake was effectively abrogated in MCU-silenced negative shRNA 

as well as MICU1 KD cells, demonstrating the functional efficacy of MCU knockdown 

(Figure 4-10 C).  Importantly, MCU silencing abolished elevated basal mitochondrial 

Ca2+
 accumulation observed in MICU1 KD cells (Figure 4-10 A-C).  This result indicates 

that mitochondrial Ca2+
 accumulation induced by loss of MICU1 is mediated by MCU-

dependent Ca2+
 uptake.  To further verify this, mitochondrial Ca2+

 uptake in digitonin-

permeabilized HEK293 cells was assessed.  Permeabilized cells were bathed in 

intracellular-like medium (ICM) containing thapsigargin (Tg) to prevent ER Ca2+
 uptake 

and FuraFF to monitor [Ca2+] in the medium.  HEK293 cells were transduced with #B6 
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lentiviral shRNAs targeting the MICU1 gene to generate a stable cell line (Figure 4-11 A) 

with MICU1 reduced to levels (82%) similar to those in the HeLa knockdown cells 

(Figure 4-4 A).  In control 293 cells, medium [Ca2+] increased progressively to ~ 1.8 μM 

during ~5 min following exposure to Tg due to Ca2+
 leakage from the ER (Figure 4-11 

B).  Subsequent exposure of the cells to the MCU inhibitor Ru360 had little effect (Figure 

4-11 B), indicating that mitochondria do not take up Ca2+
 under these conditions.  In 

contrast, medium [Ca2+] did not increase during ER Ca2+
 leakage in the cells with MICU1 

knocked down (Figure 4-11 B) and subsequent Ru360 exposure caused a rapid increase 

of medium [Ca2+] to levels observed in control cells (Figure 4-11 B, C).  These results 

indicate that Ru360-sensitive MCU-dependent Ca2+
 uptake buffered the Ca2+

 released 

from the ER in the MICU1 KD cells.  Importantly, this buffering occurred in MICU1 KD 

cells at [Ca2+] under which MCU-dependent Ca2+
 uptake is normally not active.  

Accordingly, these results suggest that MICU1 normally acts as a brake to prevent MCU-

dependent mitochondrial Ca2+
 uptake at low [Ca2+]i.  

To test this further, phosphorylation of pyruvate dehydrogenase (PDH), a 

mitochondrial protein that links glycolysis to the tricarboxylic acid cycle by irreversible 

decarboxylation of pyruvate, was examined.  Phosphorylation of PDH by pyruvate kinase 

suppresses its activity whereas dephosphorylation by Ca2+-dependent pyruvate 

dehydrogenase phosphatase (PDP) enhances activity.  Potentially, if MICU1 normally 

acts to prevent MCU-mediated Ca2+
 uptake under basal conditions, then PDH would be 

constitutively hypophosphorylated by enhanced Ca2+-activated PDP activity in MICU1 

KD cells. In agreement, PDH was hypo-phosphorylated in MICU1KD cells (Figure 4-11 

D). As a control, Xestospongin B (XeB), a specific inhibitor of the InsP3R that blocks 
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Ca2+
 transfer to mitochondria (Cardenas et. al., 2010), increased PDH phosphorylation in 

the MICU1 KD cells to levels comparable to those in the control cells (Figure 4-11 D).
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Figure 4-9.  MICU1 Physically Interacts with MCU and MICU1 Knockdown Does 

Not Affect MCU Expression.  (A)  Western blot of MCU-GFP and MICU1-Flag 

showing co-immunoprecipitation in transiently transfected HeLa cells.  Representative of 

4 independent experiments.  (B) MCU mRNA in Neg shRNA and MICU1 knockdown 

(KD) HeLa cells after MCU siRNA transfection, normalized to levels in control cells.  

(C) Rescue of MICU1 mRNA in MICU1 KD cells (mean ± S.E.; n=3).  Experiments 

performed with assistance from Harish Chinnakonda Chandramoorthy. 
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Figure 4-10.  MICU1 Knockdown-Induced Basal Mitochondrial Ca2+ Accumulation 

is Mediated by MCU-Dependent Ca2+ Uptake.  (A) Representative confocal images of 

rhod2 fluorescence indicating basal mitochondrial [Ca2+] in HeLa cells stably expressing 

Neg shRNA, MICU1 KD shRNA) and MICU1 Rescue, and WT cells treated with MCU 

siRNA and MICU1 KD cells treated with MCU siRNA. (B) Quantification of basal rhod2 

fluorescence of cells in (A).  Mean ± S.E.; ***: P < 0.001, n = 3.  (C) Responses of 

mitochondrial [Ca2+] in cells in (A) to histamine (100 μM). Solid lines are mean; shaded 

regions are ± S.E.; n=3.  
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Figure 4-11.  MICU1 Knockdown in Permeabilized Cells Causes Constitutive Ca2+ 

Uptake and Activation of Pyruvate Dehydrogenase.  Knockdown (A) of MICU1 in 

293T cells.  (B) Representative traces and (C) quantification of basal bath [Ca2+] (Fura 

FF fluorescence) in Neg shRNA (black) and MICU1KD (red) permeabilized HEK293 

cells before and after Ru360.  Mean ± S.E.; ns, not different; **: P <0.01, n =3.  (D) 

Pyruvate dehydrogenase (PDH) is hypo-phosphorylated in cells with MICU1 knocked 

down.  MICU1 shHe#B5 and shHe#B6 HeLa clones show low levels of PDH 

phosphorylation in basal conditions compared with the HeLa shHe#B8 (no knockdown) 

clone.  Treatment with XeB (5μM, 1 hr) increased phospho-PDH in all clones (mean ± 

S.E.; n = 3; *, **, ***: P < 0.05, 0.01 and 0.001, respectively). 
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MICU1 Inhibits MCU-Mediated Mitochondrial Ca2+
 Influx in Low [Ca2+] 

These results suggest that MICU1 may regulate the apparent Ca2+
 affinity or 

threshold of MCU-dependent Ca2+
 uptake.  To examine this in more detail, the 

permeabilized cell protocol was employed.  The rate of mitochondrial Ca2+
 uptake 

(FuraFF) and ΔΨm (ratiometric fluorescent indicator JC-1) were monitored 

simultaneously in response to boluses of Ca2+
 added to the medium.    Cells (~6 million) 

were permeabilized in ICM containing Tg.  After 450s a single bolus of Ca2+
 was added, 

and the Fura FF (Figure 4-12) and JC-1 (Figure 4-13) fluorescence signals were 

measured for an additional 300 s before an uncoupler (CCCP) was added to depolarize 

the mitochondrial inner membrane and release the Ca2+
 that had been accumulated 

(Figure 4-14 A).  Ca2+
 uptake, monitored as a decrease in the bath [Ca2+], is completely 

dependent on MCU in these conditions (Figure 4-14 B).  In response to the addition of a 

0.5 μM Ca2+
 bolus, bath [Ca2+] rapidly rose to a stable plateau in control cells, indicating 

lack of mitochondrial Ca2+
 uptake at this [Ca2+], as expected.  In contrast, bath [Ca2+] 

decreased to nearly the pre-pulse level in the MICU1 KD cells (Figure 4-12 B).  

Subsequent addition of CCCP released significantly more Ca2+
 from the MICU1 KD 

mitochondria, indicating that the decrease in bath [Ca2+] following the initial pulse was 

mediated by mitochondrial Ca2+
 uptake (Figure 4-14A, also see inset).  Similarly, in 

response to a 1 μM Ca2+
 pulse, Ca2+

 uptake in the control cells was absent, whereas 

uptake in the MICU1 KD cells was substantial (Figure 4-12 C).  The difference in 

mitochondrial Ca2+
 uptake between the control and MICU1 KD cells was not due to a 

greater thermodynamic driving force for Ca2+
 uptake in the MICU1 KD cells, since ΔΨm 

both before and during the Ca2+
 pulses were similar in control and MICU1 KD cells 
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(Figure 4-13) and MICU1 KD cell mitochondria have higher basal [Ca2+]m (Figure 4-1, 5 

and 10).  In addition, they cannot be accounted for by different expression levels of 

MCU, which were similar in control and MICU1 KD cells (Figure 4-9 B).  In response to 

a 2 μM Ca2+
 pulse, control cell mitochondria buffered the [Ca2+], but to a level (the set-

point (Nicholls, 2005)) that was significantly higher than that achieved by the MICU1 

KD cell mitochondria (Figure 4-12).  At higher concentrations (5-50 μM), both control 

and MICU1 KD cells exhibited robust mitochondrial Ca2+
 uptake (Figure 4-12 E-H) with 

similar transient ΔΨm depolarization at 20 and 50 μM pulses (Figure 4-13).  

These basal Ca2+
 accumulation phenotypes were verified to not be a result of off-

target effects by stably re-expressing a shRNA-insensitive MICU1 construct (MICU1 

rescue) in MICU1 KD HEK293(Figure 4-9 C) and HeLa cells (Figure 4-15 A) by 

orthogonal antibiotic selection.  Reconstitution of MICU1 in MICU1 KD HeLa cells 

prevented basal mitochondrial Ca2+
 accumulation and reverted mitochondrial Ca2+

 uptake 

(Figure 4-10 A-C).  Similarly, in permeabilized HEK293 cells, rescue of MICU1 

prevented basal mitochondrial Ca2+
 accumulation and reverted mitochondrial Ca2+

 uptake 

in response to low [Ca2+] bolus additions (1, 2 and 5 μM) to control levels (Figure 4-15 

and 4-16).  

To quantify the effects of MICU1 knockdown on MCU-mediated mitochondrial 

Ca2+
 uptake, the bath [Ca2+] decay kinetics were fitted with single exponential equations.  

The decay rates were all well fitted assuming a single exponential process. The 

exponential fits were used to calculate the change in the bath [Ca2+] due to mitochondrial 

Ca2+
 uptake following the pulse (the amplitude term in the exponential fit), as well as the 

rate of mitochondrial Ca2+
 uptake (from the time constant derived from the fit).  
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Mitochondria in the MICU1 knockdown cells took up more Ca2+
 than the control cells in 

the low [Ca2+] regime, from 0.5 to ~5 μM (Figure 4-17A inset).  In contrast, knockdown 

of MICU1 was without consequence at higher [Ca2+] (Figure 4-17 A).  The uptake rates 

were fitted to a Hill equation to derive kinetic parameters.  Surprisingly, the Hill equation 

fits of the uptake rates yielded similar kinetic parameters in the control and MICU1 KD 

cells (Figure 4-17 B).  The Kd, or apparent Ca2+
 affinity of mitochondrial Ca2+

 uptake, 

was ~11 μM in control and knockdown, with Hill coefficients of 3.2 and 3.4, respectively 

(Figure 4-17 C).  These results suggest that MICU1 plays an important role in limiting 

mitochondrial Ca2+
 uptake in the low [Ca2+] regime, without affecting the overall kinetic 

behavior of MCU-mediated Ca2+
 uptake.  The total amount of Ca2+

 buffered by control 

and MICU1 KD mitochondria in response to the Ca2+
 pulses was evaluated by measuring 

the amount of Ca2+
 released by CCCP (Figure 4-14A).  Mitochondria with MICU1 

knocked down took up more Ca2+
 than control cell mitochondria in the low [Ca2+] 

regime, up to 5 μM Ca2+.  Notably, however, the amount taken up vs. [Ca2+] curve for the 

two groups was parallel over the entire range of [Ca2+] (Figure 4-14A), with the offset 

between them accounted for by the Ca2+
 accumulated by the MICU1 KD mitochondria 

before the pulses (the offset in Figure 4-17 A).  These results demonstrate that 

knockdown of MICU1 does not change mitochondrial Ca2+
 buffering capacity.  Taken 

together, these data suggest that MICU1 acts as a “gatekeeper” that sets a [Ca2+] 

threshold to prevent mitochondrial Ca2+
 uptake in low [Ca2+]i, but it does not play a role 

in conferring the well-established cooperativity of mitochondrial Ca2+
 uptake. 
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Figure 4-12.  MICU1 Controls MCU-Mediated Mitochondrial Ca2+ Uptake in Low 

[Ca2+]i.  Stable Neg shRNA (black) and MICU1 KD (red) HEK293 cells were 

permeabilized with digitonin in intracellular-like medium containing thapsigargin (Tg), 

mitochondrial membrane potential (ΔΨm) indicator JC-1 and bath [Ca2+] indicator 

FuraFF.  Permeabilized Neg shRNA and MICU1 KD cells were pulsed with different 
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[Ca2+] (A thru H: 0, 0.5, 1, 2, 5, 10, 20 and 50 μM) as indicated.  ΔΨm uncoupler, CCCP, 

was added as indicated.  Traces show bath [Ca2+] (μM).  (Solid lines are mean; shaded 

regions are ± S.E.; n=3).  Experiments performed with assistance from Karthik 

Mallilankaraman. 
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Figure 4-13.  Mitochondria Membrane Potential is Maintained in MICU1 Ablated 

Cells.  Stable Neg shRNA (black) and MICU1 KD (red) HEK293 cells were 

permeabilized with digitonin in intracellular-like medium containing thapsigargin (Tg), 

mitochondrial membrane potential (ΔΨm) indicator JC-1, and bath [Ca2+] indicator Fura 

FF.  Permeabilized Neg shRNA and MICU1 KD cells were pulsed with different [Ca2+] 

(0, 0.5, 1, 2, 5, 10, 20 and 50 μM) as indicated.  ΔΨm uncoupler, CCCP was added as 

indicated.  Representative traces indicate ΔΨm (JC-1 ratio) in response to indicated 

concentrations of [Ca2+] pulses and CCCP.  Experiments performed with assistance from 

Karthik Mallilankaraman. 
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Figure 4-14.  Total Mitochondrial Ca2+ Accumulated is MCU Dependent.  (A) Total 

mitochondrial Ca2+ uptake after each Ca2+ pulse (0, 0.5, 1, 2, 5, 10, 20 and 50 μM) was 

determined in negative shRNA (black) and MICU1 KD (red) cells by recording Ca2+ 

released by CCCP.  Inset: Traces obtained from cells with no added Ca2+ pulse (solid 

lines are mean; shaded regions are ± S.E.; n= 3). **, *: P < 0.01 and 0.05, respectively.  

(B) Ru360 blocks basal mitochondrial Ca2+ uptake in MICU1 KD cells as well as uptake 

in control cells in response to Ca2+ pulses.  Representative traces from 3 experiments.   

 
 

137



 

 

Figure 4-15.  Reexpression of MICU1 Prevents Mitochondrial Ca2+ Uptake in Low 

[Ca2+] Regime.  (A) MICU1 mRNA in Neg shRNA, MICU1 KD and MICU1 Rescue 

HEK293 cells.  Mean ± S.E., n = 3.  Rescue of low [Ca2+] set-point and Ca2+ uptake in 

response to [Ca2+] pulses (B, 1 μM; C, 2 μM, and C, 5 μM) in permeabilized MICU1 KD 

HEK293 cells (red) by shRNA insensitive MICU1 cDNA reexpression (blue).  Solid 

lines mean, shaded areas ± S.E. (n = 3).  
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Figure 4-16.  Reconstitution  of MICU1 Rescues Buffering Capacity, Ca2+ Uptake 

and Ca2+ Release.  (A) Scatter plot shows quantification of basal extra-mitochondrial 

[Ca2+] (450 s after permeabilization) in Neg shRNA (black), MICU1 KD (red) and 

MICU1 rescue (blue) cells.  Mean ± S.E. shown.  (B) Change in bath [Ca2+] due to 

mitochondrial Ca2+ uptake in response to various [Ca2+] pulses in control (black), MICU1 

KD (red) and MICU1 rescue (blue) cells.  Uptake derived from single exponential fit of 

bath [Ca2+] kinetics following Ca2+ pulses.  Mean ± S.E.; n = 3; **: P < 0.01; ns, not 

 
 

139



significant.  (C) Quantification of total mitochondrial Ca2+ release after CCCP addition.  

Mean ± S.E.; n = 3;*, **: P < 0.05 and 0.01, respectively; ns, not significant.  
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Figure 4-17.  Mitochondrial Ca2+ Uptake is Altered in MICU1 Knockdown Cells 

While Kinetic Parameters Remain Unchanged.  (A) Change in bath [Ca2+] due to 

mitochondrial Ca2+ uptake in response to various bath [Ca2+] in control (black) and 

MICU1 KD (red) cells.  Uptake derived from single exponential fit of bath [Ca2+] 

kinetics following Ca2+ pulses.  Inset shows responses up to 5 μM bath [Ca2+].  (B) Rate 

of mitochondrial Ca2+ as function of bath [Ca2+] derived single exponential fits of bath 

[Ca2+] responses following Ca2+ pulses.  Solid line is Hill equation fit of the data.  

Reduced uptake rate observed at [Ca2+] > 20 μM is due to ΔΨm depolarization, and was 

not used in the fitting.  (C) Kinetic parameters derived from Hill equation fits of data in 

(B). 
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MICU1 is a Gatekeeper of MCU-Mediated Mitochondrial Ca2+
 Influx 

These results suggest that MICU1 regulates MCU-dependent mitochondrial Ca2+
 

uptake in low [Ca2+].  First, mitochondria in MICU1 KD cells have constitutively 

elevated [Ca2+]m (Figure 4-1, 4-5 and 4-10).  This suggests that in the absence of MICU1, 

MCU-mediated Ca2+
 uptake is active at [Ca2+]i that exists in resting cells, ~100 nM.  

Second, mitochondria in permeabilized cells with MICU1 knocked down take up Ca2+
 

from boluses added to the medium at concentrations (up to ~ 3 μM bath [Ca2+]) where 

control mitochondria do not (Figure 4-12 and 4-17 A).  Third, in response to slow 

addition of Ca2+
 to the medium in permeabilized cells caused by Ca2+

 leak from the ER, 

medium Ca2+
 is unbuffered and consequently rises in the control cells, but it is effectively 

buffered by mitochondrial Ca2+
 uptake in the MICU1 KD cells (Figure 4-17 A inset).  

During the 450 s following Tg-induced ER leak, medium [Ca2+] rose by nearly 1 μM to 

1.8 ± 0.06 μM in the control cells.  In contrast, it rose by only ~160 nM to 0.9 ± 0.02 μM 

in the MICU1 KD cell medium (Figure 4-18 B and C) , similar to the set-point value 

reported previously (Nicholls, 1978).  MICU1 knockdown mitochondria were also able to 

reduce bath [Ca2+] to lower levels than controls cells following acute Ca2+
 pulses.  Thus, 

following Ca2+
 pulses in the 0.5 -5 μM regime, MICU1 deficient mitochondria reduced 

medium [Ca2+] during the subsequent 300 s to 1.3 μM, whereas the control cell 

mitochondria reduced it to 2.7 μM (Figure 4-18 D and E), similar to the ~3 μM threshold 

determined (Figure 4-17 A). In responses to higher [Ca2+] pulses (Figure 4-19 A), 

mitochondria in both cells rapidly buffered the Ca2+, but MICU1 KD mitochondria 
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reduced medium [Ca2+] to ~1.9 μM, whereas control cell mitochondria buffered it less 

effectively to a higher level, again to ~3 μM (Figure 4-19 B and C).   

Elevated [Ca2+]m stimulates oxidative phosphorylation by activating PDH, TCA 

cycle enzymes and the ATP synthase (Denton and McCormack, 1980; Hajnoczky et al., 

1995; Robb- Gaspers et al., 1998).  IP3-linked agonists that generate sub-μM global 

[Ca2+]i elevations trigger large increases in [Ca2+]m (Spat et al., 2008) because close 

appositions between mitochondria and ER enables Ca2+
 released through IP3R to reach 

levels sufficient for rapid and substantial permeation through MCU (Rizzuto et. al., 

1998).  If MICU1 acts as a gatekeeper to set the [Ca2+]i threshold for mitochondrial Ca2+
 

uptake, then in the absence of MICU1 agonist-induced [Ca2+]i signals could more 

efficiently raise [Ca2+]m within the total cellular population of mitochondria by enabling 

mitochondria that lack close appositions to ER to take up released Ca2+.  Further such 

recruitment would enable weak agonist stimulation to more efficaciously enhance 

oxidative phosphorylation.  To test this hypothesis, O2 consumption rates (OCR) in 

control and MICU1 KD cells were measured in response to histamine.  In control cells, 

10 μM histamine was without effect on OCR (Figure 4-20 A-B) whereas it was enhanced 

over three-fold in response to 100 μM histamine (Figure 4-20 C-D).  In contrast, OCR 

was enhanced by over two-fold in response to 10 μM histamine in the MICU1 KD cells, 

nearly to level achieved by 100 μM histamine stimulation (Figure 4-20 A-D).  These 

results are consistent with the hypothesis that MICU1 regulates the threshold [Ca2+]i for 

MCU-dependent mitochondrial Ca2+
 uptake. 
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Figure 4-18.  MICU1 Silencing Lowers the Set-Point for Basal MCU-Mediated Ca2+ 

Uptake  (A) Overlay of bath [Ca2+] responses to 0, 0.5, 1, 2 and 5 μM Ca2+ pulses in 

permeabilized Neg shRNA (black; left panel) and MICU1 KD cells (red; right panel).  

Solid lines are means; shaded areas are S.E. (n=3 at each [Ca2+]).  (B) Overlay of bath 

[Ca2+] kinetics during 450 s following plasma membrane permeabilization and exposure 
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to Tg in Neg shRNA control (black; left panel) and MICU1 KD (red; right panel) cells. 

Solid lines are means; shaded areas are S.E. (n=3 at each [Ca2+]).  (C) Scatter plot of bath 

[Ca2+] at 450 s from experiments shown in B. Mean and S.E. shown. ***, P < 0.001 (D) 

Overlay of bath [Ca2+] kinetics during 300 s following 0.5, 1, 2 and 5 μM bath Ca2+ 

pulses in permeabilized Neg shRNA (black; left panel) and MICU1 KD cells (red; right 

panel). Solid lines are means; shaded areas are S.E. (n=3 at each [Ca2+]). (E) Scatter plot 

of bath [Ca2+] at 300 s from experiments shown in D. Mean and S.E. shown.  *** P < 

0.001.  
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Figure 4-19.  MICU1 Silencing Alters the Set-Point Following High [Ca2+] Pulse.  

(A) Overlay of bath [Ca2+] responses to 10, 20 and 50 μM Ca2+ pulses in permeabilized 

Neg shRNA (black; left panel) and MICU1 KD cells (red; right panel).  Solid lines are 

means; shaded areas are S.E. (n=3 at each [Ca2+]).  (B) Overlay of bath [Ca2+] kinetics 

during 300 s following 10, 20 and 50 μM bath Ca2+ pulses in permeabilized Neg shRNA 

(black; left panel) and MICU1 KD cells (red; right panel).  Solid lines are means; shaded 

areas are S.E. (n=3 at each [Ca2+]).  (C) Scatter plot of bath [Ca2+] at 300 s from 

experiments in (B). ***: P < 0.001   
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Figure 4-20. MICU1 Knockdown Enhances Respiration in Response to Weak 

Agonist Stimulation.  (A) Oxygen consumption rates (OCR) in Neg shRNA (black) and 

MICU1 knockdown (KD) (red) HeLa cells exposed sequentially to (a) 10 μM histamine, 

(b) oligomycin, (c) FCCP and (d) rotenone. Mean ± S.E., n=3. (B) Summary of basal, 10 

μM histamine-induced and maximal OCR. Mean ± S.E., n = 3. **, *: P < 0.01 and 0.05, 

respectively; ns, not significant. (C) Oxygen consumption rates (OCR) in Neg shRNA 

(black) and MICU1 KD (red) HeLa cells exposed sequentially to (a) 100 μM histamine, 
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(b) oligomycin, (c) FCCP and (d) rotenone.  Mean ± S.E, n = 3.  (D) Summary of basal, 

100 μM histamine-induced and maximal OCR.  Mean ± S.E, n = 3. *: P < 0.05; ns, not 

significant.  Experiments performed by Cesar Cardenas. 
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EF Hand Domains of MICU1 Regulate the Ca2+
 Threshold for MCU-Mediated Ca2+ 

Uptake 

These results indicate that MICU1 regulates the threshold for MCU–mediated 

Ca2+
 uptake in the low Ca2+

 regime extending down to resting [Ca2+]i (<100 nM), 

suggesting that it senses [Ca2+] with high affinity.  MICU1 contains two highly-

conserved consensus Ca2+-binding EF hands.  It is possible that high-affinity Ca2+
 binding 

by this pair of EF hand domains enables MICU1 to sense low [Ca2+] to inhibit MCU.  To 

test this, stable re-expression in MICU1 KD cells of shRNA-insensitive MICU1 with 

either EF1 or EF2 hands disabled by introduction of two point mutations of critical acidic 

residues (EF1 mutant D231A, E242K and EF2 mutant D421A, E432K) that disable Ca2+
 

binding.  As shown previously in Figures 4-15 and 4-16, re-expression of shRNA-

insensitive MICU1 rescued the MICU1 KD cells, preventing MCU-dependent 

mitochondrial Ca2+
 uptake in permeabilized cells in response to elevated bath [Ca2+] 

induced by release of ER stores or in response to an acute pulse of 1 μM Ca2+.  In 

contrast, re-expression of MICU1 with either EF1 or EF2 mutated (Figure 4-21) failed to 

rescue the MICU1 KD cells (Figure 4-22 A-D).  These results indicate that MICU1 

regulation of the [Ca2+] threshold for MCU-mediated Ca2+
 uptake is mediated by high 

affinity Ca2+
 binding conferred by its two functional EF hands. 
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Figure 4-21.  Expression of EF Hand Mutant MICU1.  Knockdown of MICU1 mRNA 

levels in HEK293 Neg shRNA, MICU1 KD, MICU1 Rescue, MICU1 KD stably 

expressing shRNA insensitive MICU1 cDNA harboring either D231A and E242K 

mutation (EF1 mutant) or D421A and E432K mutation (EF2 mutant) cells (mean ± S.E.; 

n=3).   
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Figure 4-22.  EF Hand Domains of MICU1 Regulate the Ca2+ Threshold for MCU-

Mediated Ca2+ Uptake.  (A) Permeabilized HEK293 Neg shRNA, MICU1 KD, MICU1 

Rescue, MICU1 KD stably expressing shRNA insensitive MICU1 cDNA harboring 

either D231A and E242K mutation (EF1 mutant) or D421A and E432K mutation (EF2 

mutant) cells were pulsed with 1 μM Ca2+ as indicated.  CCCP was added as indicated.  

Representative traces show bath [Ca2+] (μM).  (B) Quantification of basal bath [Ca2+] at 

450 s following plasma membrane permeabilization. *, **, ***: P < 0.05, 0.01, 0.001, 

respectively (n=3 for each group).  (C) Change in bath [Ca2+] due to mitochondrial Ca2+ 
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uptake in response to 1 μM Ca2+ pulse.  Uptake derived from single exponential fit of 

bath [Ca2+] kinetics following Ca2+ pulse.  Mean ± S.E.; **, ***: P < 0.01 and 0.001, 

respectively. n.s. not significant. (n=3 for each cell line).  (D) Total mitochondrial Ca2+ 

uptake after basal accumulation (no Ca2+ pulse) or 1 μM Ca2+ pulse determined by 

recording Ca2+ released by CCCP addition at t = 750 s.  Mean ± S.E.; *, **: P < 0.05 and 

0.01, respectively. n.s. not significant.  (n=3 for each cell line). 
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The MICU1 EF hands are located in the mitochondrial matrix (Perocchi et. al., 

2010).  Accordingly, MICU1 should respond to [Ca2+]m.  To test whether MICU1 senses 

[Ca2+]m specifically, permeabilized cells were exposed to a single 10 μM pulse of Ca2+.  

As shown earlier in Figure 4-12 and now in Figure 4-22, both control and MICU1 KD 

cells rapidly take up Ca2+
 and reduce bath [Ca2+] to a new steady state level similar to that 

present before the 10 μM pulse.  Before the pulse, MCU-mediated Ca2+
 uptake at this 

bath [Ca2+] was minimal in control cells, as evidenced by lack of significant Ca2+
 

extrusion observed upon block of Ca2+
 uptake by Ru360, in contrast to the behavior of the 

MICU1 knockdown cells (Figure 4-11 B).  After the pulse, in contrast, both control and 

MICU1 KD cells behaved similarly, exhibiting robust MCU-mediated Ca2+
 uptake, as 

evidenced by the high rate of Ca2+
 extrusion mediated by the CGP37157-sensitive 

Na+/Ca2+
 exchanger upon Ru360 addition (Figure 4-23 A-C).  Thus, the elevation of 

[Ca2+]m after the 10 μM pulse relieved MICU1 inhibition of MCU-mediated Ca2+
 uptake, 

indicating that MICU1 senses resting mitochondrial matrix [Ca2+] specifically.  
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Figure 4-23.  Elevated [Ca2+]m Normalizes Ca2+ Uptake in Low μM [Ca2+] Between 

MICU1 Knockdown and Control Cells.  Neg shRNA (A) and MICU1 KD (B) HEK293 

cells were permeabilized with digitonin in intracellular-like medium containing 

thapsigargin (Tg) and bath [Ca2+] indicator Fura FF, and then pulsed with 10 μM Ca2+.  

After mitochondrial clearance of bath Ca2+, Ru360 caused elevation of bath [Ca2+], 
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indicating that steady-state bath [Ca2+] after pulse was maintained by balance of MCU-

mediated Ca2+ uptake and CGP37157-sensitive Na+-Ca2+ exchanger-mediated extrusion.  

CCCP added as indicated.  Solid line is mean; shaded areas are ± S.E. (n=3) (C) [Ca2+]m 

efflux rate derived from (A) and (B) during initial 60 s following Ru360 addition.  

Because bath [Ca2+] was at steady-state before Ru360 addition, efflux rate equals MCU-

mediated influx rate.  Lack of difference between MICU1 knockdown and control cells 

after [Ca2+]m rise induced by exposure to 10 μM Ca2+ pulse indicates MICU1 is important 

in regulating Ca2+ influx only when [Ca2+]m is low. 
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MICU1 Deficiency Elevates Basal Mitochondrial ROS Generation and Sensitizes 

Cells to Apoptotic Cell Death 

MICU1 regulation of the Ca2+
 threshold of MCU-mediated Ca2+

 uptake could be 

important for limiting mitochondrial Ca2+
 uptake to prevent mitochondrial stress.  

Mitochondrial oxidative phosphorylation and NADPH oxidases are the major sources of 

ROS in most cells (Hamanaka and Chandel, 2010; Lambeth, 2004).  Excessive 

mitochondrial ROS generation is associated with mitochondrial Ca2+
 overload (Jacobson 

and Duchen, 2002).  Chronic elevation of basal [Ca2+]m (Figures 4-1, 4-5, 4-10) in the 

absence of MICU1 expression could lead to enhanced mitochondrial ROS (mROS) 

production.  To examine this, mitochondrial superoxide (O2
•-) was measured by confocal 

imaging at 37°C of the mitochondrial O2
•-

 indicator MitoSOX Red as described 

(Mukhopadhyay et al., 2007).  Correlated with the observed elevated basal [Ca2+]m, basal 

mROS levels were significantly elevated by several-fold in MICU1 KD cells (Figure 4-

24 A-C).  To exclude a possible involvement of NADPH oxidases, MICU1 KD and 

control cells were treated with the NADPH oxidase inhibitor DPI (diphenyleneiodonium 

chloride, 30 μM for 30 min).  As a positive control, cells were treated with the 

mitochondrial complex III blocker Antimycin A (AA).  Elevated mROS levels in MICU1 

KD cells were unaltered by DPI, whereas AA induced mROS in both cell types (Figure 

4-24 C).  This result indicates that NADPH oxidases are not responsible for elevation of 

mROS in MICU1 deficient cells.  Importantly, reconstitution of MICU1 in MICU1 KD 

cells abrogated mROS elevation (Figure 4-24 D).  Furthermore, siRNA silencing of MCU 

in MICU1 KD cells also reduced mROS to control levels (Figure 4-24 D).  These results 
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indicate that MICU1 expression is required to inhibit MCU-mediated Ca2+
 uptake under 

low [Ca2+]i conditions, and that failure to do so (when MICU1 is knocked down) results 

in mitochondrial Ca2+-dependent excessive ROS production.  
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Figure 4-24.  MICU1 Deficiency Elevates Basal Mitochondrial ROS.  Representative 

confocal images show MitoSOX Red fluorescence in Neg shRNA (A) and MICU1 KD 

(B) HeLa cells measured at same illumination and gain settings.  Increased MitoSOX Red 

fluorescence in MICU1 KD cells indicates increased levels of mitochondrial superoxide.  

Bottom panels:  Enlarged portions of fields showing single cells depicting mitochondrial 
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localization of indicator.  (C) Quantification of MitoSOX Red fluorescence in Neg 

shRNA and MICU1 KD cells, with or without NADPH oxidase inhibitor DPI (10 μM).  

Mitochondrial respiratory Complex III blocker antimycin A (AA) used as positive 

control.  Mean ± S.E.; **: P<0.01, ns, not different; n=3.  (D) Quantification of MitoSOX 

Red fluorescence in MICU1 KD, MCU siRNA treated MICU1 KD and MICU1 rescue 

HeLa cells.  Mean ± S.E.; **: P<0.01, ns, not different; n = 3. 
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Physiological mROS is implicated in a variety of cellular processes including 

gene expression, cell growth, proliferation and differentiation (Balaban et. al., 2005; 

Hamanaka and Chandel, 2010).  Alternatively, excessive mROS is implicated in cell 

death pathways, including apoptosis (Hamanaka and Chandel, 2010).  Chronic elevation 

of mROS in MICU1 KD cells did not alter cell proliferation (Figure 4-25).  To determine 

whether enhanced basal mitochondrial Ca2+
 accumulation and mROS production in 

MICU1 KD cells sensitized them to cell stress, cells were treated with ceramide (40 μM) 

for 20 h and cell death was assessed by flow cytometry.  Strikingly, ceramide-induced 

cell death was enhanced by nearly 100% in the MICU1 KD cells (Figure 4-26 A, B).  

Importantly, ceramide-induced cell death was prevented in MICU1 rescue cells (Figure 

4-26 B, C).  To establish a role for excessive mROS in sensitization to the apoptotic 

stimulus, antioxidant genes mitochondrial superoxide dismutase (MnSOD) and 

glutathione peroxidase 1 (GPX1) were over-expressed in both control and MICU1 KD 

cells by adenoviral transduction.  Over-expression of the antioxidants strongly protected 

the MICU1 KD cells from ceramide-induced cell death (Figure 4-26 B and C).  These 

data demonstrate that MICU1 inhibition of MCU-dependent Ca2+
 uptake under basal 

conditions is necessary to suppress mitochondrial Ca2+
 accumulation, excessive mROS 

production and sensitivity to apoptotic stress. 
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Figure 4-25.  MICU1 Deficiency Does Not Alter Proliferation 

Neg shRNA and MICU1 KD HeLa cells labeled with CFSE and cell proliferation was 

determined by flow cytometry.  Representative histograms (left) and quantification 

(right) of CFSE distribution after 72 h. Mean ± S.E.; n=3.  Experiments performed with 

assistance from Harish Chinnakonda Chandramoorthy. 
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Figure 4-26.  MICU1 Deficiency Sensitizes Cells to Ceramide-induced Cell Death.  

(A) Representative histograms of cell death assessment in HeLa Neg shRNA, MICU1 

KD and MICU1 KD cells stably expressing shRNA insensitive MICU1 cDNA after 20 h 

of C2- Ceramide (40 μM) treatment.  Neg shRNA and MICU1 KD cells treated with 

adenoviral manganese superoxide dismutase (MnSOD) and glutathione peroxidase 1 

(GPX1) for 36 h before challenged with C2-Ceramide for 20 h; n=3.  (B) Quantification 

of cell death.  Mean ± S.E.; *, ***: P < 0.05 and 0.001, respectively; n = 3 for each cell 

line.  Data provided by Harish Chinnakonda Chandramoorthy. 
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MICU1 Discussion 

The most significant finding in this study is that MICU1 plays an essential role in 

limiting mitochondrial Ca2+ uptake when [Ca2+]i is low, within the range found in cells at 

rest or during weak agonist stimulation.  In absence of this regulation, mitochondria 

become constitutively loaded with Ca2+ under resting conditions and they more 

effectively take up Ca2+ in low [Ca2+]i.  Whereas the latter effect enables cells to respond 

more sensitively to weak agonist stimulation, the former effect has detrimental effects, 

including enhanced ROS generation and susceptibility to cell stresses.  MICU1 provides 

an essential protective mechanism by limiting MCU-mediated Ca2+ uptake in the face of 

a tremendous thermodynamic driving force, that can likely account for the tightly 

correlated expression and physical interaction of MICU1 and MCU.  

These results suggest that MICU1 inhibits MCU-dependent mitochondrial Ca2+ 

uptake in low [Ca2+].  Mitochondria in MICU1 knockdown cells have constitutively 

elevated [Ca2+]m, suggesting that MICU1 limits MCU-mediated Ca2+ uptake at [Ca2+]i 

that exists in resting cells, ~100 nM.  Even at such low [Ca2+]i, the thermodynamic 

driving force for Ca2+ uptake across the mitochondrial inner membrane is prodigious.  

With ΔΨm = -180 mV and [Ca2+]i = 100 nM, the equilibrium [Ca2+]m is 0.1 M, whereas 

estimates of [Ca2+]m are 5-6 orders of magnitude lower (Azzone et. al., 1977; Bernardi, 

1999).  The open probability of the uniporter Ca2+ channel is strongly enhanced by 

negative membrane potentials (Kirichok et. al., 2004). It has been generally assumed that 

either continuous Ca2+ extrusion compensates for influx (Nicholls, 2005) or, more 

commonly, that the low apparent Ca2+ affinity of the uniporter Ca2+ uptake mechanism 

effectively offsets this driving force (Carafoli, 1987; Drago et. al., 2011; Nicholls, 2005; 
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Rizzuto et. al., 2004), but these results here suggest that neither is the case.  Addition of 

Ru360 in control cells failed to unmask ongoing Ca2+ extrusion (Figure 4-11 B), 

suggesting that Ca2+ influx is not constitutive under basal conditions.  Studies of isolated 

mitochondria have suggested that [Ca2+] required for half-maximal uptake velocity is up 

to 70 μM, although most estimates suggested an apparent Ca2+ affinity of ~10 μM, or 

100-fold higher than resting [Ca2+]i (Bernardi, 1999; Gunter and Pfeiffer, 1990).  This 

data confirmed that the low apparent affinity of MCU-mediated Ca2+ uptake, in the 10 

μM range, although inner membrane depolarization caused by [Ca2+] > 20 μM limits the 

ability to estimate this well, suggesting that 10 μM is a lower limit.  Nevertheless, in cells 

lacking MICU1, mitochondria accumulated Ca2+ at normal ΔΨm from the cytoplasm 

where [Ca2+] ≈ 100 nM.  Importantly therefore, the low apparent [Ca2+]i affinity of the 

uniporter does not effectively counteract the thermodynamic driving force.  Accordingly, 

cells require regulatory mechanisms to limit MCU-mediated Ca2+ uptake under normal 

resting conditions.  The results here suggest that MICU1 is an essential component of this 

mechanism.  Such mechanisms could operate by controlling the kinetic properties of 

MCU-mediated Ca2+ uptake.  However, MICU1 does not appear to utilize this strategy.  

Thus, the apparent Vmax, Kd and Hill coefficient that describe the [Ca2+] dependence of 

the MCU-mediated Ca2+ uptake rate are essentially identical in control and MICU1 KD 

cells.  It was previously speculated that MICU1 might contribute to the observed Ca2+ 

cooperativity of uniporter-mediated Ca2+ uptake (Perocchi et. al., 2010), but these results 

suggest that the cooperativity is not mediated by MICU1 and resides elsewhere, possibly 

the MCU channel itself.  These results suggest instead that MICU1 acts as a Ca2+ sensor 

that sets a threshold [Ca2+] for mitochondrial Ca2+ uptake.  The [Ca2+]i threshold for 
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mitochondria that had not been pre-loaded with Ca2+ appears to be ~3 μM.  This value 

was suggested by the steady-state bath [Ca2+] achieved by mitochondrial Ca2+ uptake 

following exposure to boluses of Ca2+ or to slow rises in Ca2+ caused by Ca2+ leak from 

the ER.  Below 3-4 μM Ca2+, MCU-mediated Ca2+ uptake is strongly inhibited by 

MICU1.  The mechanism by which MICU1 inhibits MCU activity at [Ca2+]i < ~3 μM 

remains to be determined.  MICU1 can biochemically interact with MCU (Figure 4-9 A 

and (Baughman et al., 2011)), suggesting that MICU1 might regulate the MCU activity 

directly, perhaps by acting as an endogenous ligand that blocks the permeation pathway, 

by analogy with ball-and-chain block of some voltage-gated channels (Hoshi et al., 1990) 

or by altering MCU channel gating. The failure to rescue enhanced MCU-mediated Ca2+ 

uptake in MICU1 KD cells with MICU1 containing disabling mutations in either Ca2+-

binding EF hand suggests that MICU1 plays an important role as a Ca2+ sensor in the 

mechanism.  The requirement for two functional EF hands is consistent with MICU1 

binding Ca2+ with high affinity (Gifford et al., 2007), as required for it to operate in the 

low [Ca2+] regime as observed.  These results suggest that the EF hands of MICU1 are 

bound to Ca2+ under both [Ca2+]i and [Ca2+]m resting conditions, and this enables 

MICU1 to function as a brake to limit Ca2+ permeation through MCU.  However, the lack 

of effect of MICU1 on the kinetic properties of MCU suggests that high [Ca2+]m can 

overcome this block.  Whether high [Ca2+]m suppresses MICU1 inhibition by disrupting 

the physical interaction between MICU1 and MCU, or by other mechanisms, for example 

permeant Ca2+ ion un-block (knockoff) or other MCU-intrinsic or extrinsic Ca2+ 

regulatory mechanisms remain to be determined.  
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A ruthenium-red sensitive mitochondrial Ca2+ uptake mode referred to as the 

“rapid mode”, or RaM, describes a phenomenon observed in isolated mitochondria in 

which Ca2+ uptake during the initial 300 ms of a Ca2+ pulse was much faster than the 

subsequent rate (Gunter et. al., 2004; Sparagna et. al., 1995).  Of note, RaM was not 

observed in cases where the mitochondria had been pre-incubated with ~150 nM bath 

Ca2+ (Buntinas et. al., 2001; Gunter et. al., 2004).  The identification here of MICU1 as a 

high-affinity Ca2+ brake on MCU-mediated Ca2+ uptake may account for these 

observations.  Thus, in mitochondria incubated in Ca2+-depleted medium, it is likely that 

Ca2+ unbinds from the MICU1 EF hands, relieving inhibition of MCU.  Upon addition of 

a Ca2+ pulse, uninhibited MCU would initially take up Ca2+ at a rapid rate until Ca2+ 

permeation into the matrix, shown to occur < 100 ms after the addition of a Ca2+ pulse 

(Gunter et. al., 2004; Territo et. al., 2001; Sparagna et. al., 1995), enables [Ca2+]m to 

reach levels for Ca2+ binding to the EF hands, triggering a MICU1-mediated rapid 

inhibition of influx.  In this model, the inability to observe RaM when mitochondria are 

incubated in 150 nM bath Ca2+ is due to matrix [Ca2+] being sufficiently high to ensure 

Ca2+ occupancy of the EF hands, enabling MICU1 to exert its normal inhibition of Ca2+ 

uptake. 

Ca2+ uptake regulates cellular bioenergetics, enhances physiological ROS 

signaling and shapes cytoplasmic Ca2+ signals.  Excessive mitochondrial Ca2+ uptake can 

have deleterious effects, including inner membrane depolarization, excessive ROS 

production, sensitization to apoptotic and necrotic stimuli, and activation of the 

permeability transition pore and subsequent cell death pathways (Balaban, 2009; Denton 

and McCormack, 1980; Duchen et. al., 2008; Gunter and Gunter, 1994; Hajnoczky et. al., 
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1995; Hansford, 1994; Herrington et. al., 1996; Lemasters et. al., 2009; McCormack et. 

al., 1990; Orrenius et. al., 2003; Szalai et. al., 1999). These results here demonstrate an 

essential role of MICU1 to control the rate of mitochondrial Ca2+ uptake and protect cells 

against deleterious consequences associated with mitochondrial Ca2+ overload.  In the 

absence of MICU1, excessive MCU-mediated Ca2+ uptake led to mitochondrial Ca2+ 

accumulation under basal conditions and excessive ROS production and sensitivity to an 

apoptotic stimulus.  Physiologically-controlled delivery of Ca2+ to mitochondria can 

stimulate mitochondrial dehydrogenases and the ATP synthase to promote cellular 

bioenergetics (Balaban, 2009; Denton and McCormack, 1980; Robb-Gaspers et. al., 

1998; Territo et. al., 2000).  Lack of this delivery, as shown here in response to 

knockdown of MCU, causes bioenergetic stress (elevated [AMP]:[ATP]) and activation 

of autophagy (Cardenas et. al., 2010).  Conversely, over-expression of MCU to promote 

excessive mitochondrial Ca2+ uptake can potentiate ceramide-induced cell death (De 

Stefani et. al., 2011).  Knockdown of MICU1 expression similarly potentiated ceramide-

induced cell death.  Of note, antioxidants mitigated the effects of MICU1 knockdown on 

ceramide-induced cell death.  Under normal physiological conditions, low levels of 

mitochondrial ROS are required to maintain normal cellular functions, including 

activation of transcription factors and signaling kinases (Hamanaka and Chandel, 2010).  

In contrast, aberrant ROS production leads to oxidative stress that is associated with 

damage to mitochondria, DNA, proteins, and lipids, and ultimately to cell loss and organ 

failure (Hamanaka and Chandel, 2010).  These results here emphasize the critical role 

played by MICU1 in regulating the nature of Ca2+-dependant mitochondrial oxidant 

signaling.  In summary, this study has identified an essential role of MICU1 as a 
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gatekeeper that sets the [Ca2+]i threshold without affecting the kinetic properties of 

MCU-mediated mitochondrial Ca2+ uptake.  This essential regulation protects cells from 

mitochondrial Ca2+ overload and consequent deleterious stress.  The interaction between 

MICU1 and MCU may be an important target for cellular regulation to tune the role of 

mitochondrial Ca2+ uptake in the regulation of bioenergetics and [Ca2+]i and oxidant 

signaling in physiological and pathophysiological situations. 
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CHAPTER 5 

GENERAL SUMMARY AND 
DISCUSSION 

 
 

 

 

 

 
 

169



 

Summary of Results 

LETM1 knockdown impairs agonist-mediated mitochondrial Ca2+ uptake.  This 

unique method of mitochondrial Ca2+ uptake is independent of the classical 

mitochondrial Ca2+ uniporter.  LETM1 knockdown does not affect mitochondria 

membrane potential or NADH levels in the cell.  Interestingly, oxygen consumption 

through complex IV, cellular ATP levels, and cellular proliferation are all decreased in 

LETM1 knockdown cells.  Another parameter of dysfunctional mitochondria, 

mitochondria reactive oxygen species, is amplified in LETM1-ablated cells.  Quenching 

of mitochondria reactive oxygen species rescues oxygen consumption and ATP levels in 

LETM1 knockdown cells.  Wolf-Hirschhorn Syndrome patient fibroblasts lack LETM1 

and exhibit similar impaired bioenergetics and reactive oxygen species.   Impaired 

mitochondrial Ca2+ uptake and concurrent decreased cellular proliferation were 

confirmed in primary murine B-cells.  It appears that the EF-hand domain of LETM1 is 

critical for its Ca2+ transport role.  As anticipated, bioenergetically-compromised LETM1 

knockdown cells display elevated basal, AMPK-dependent autophagy. 

Knockdown of MICU1 causes mitochondria to constitutively load Ca2+ which 

results in levels above baseline.  Elevated mitochondria Ca2+ concentration that is present 

in MICU1 knockdown cells has remarkable outcomes and is another example of how 

important mitochondrial Ca2+ regulation is to cellular homeostasis.  Because Ca2+ 

regulates dehydrogenases of the TCA cycle, MICU1 knockdown cells have hyperactive 

pyruvate dehydrogenase.  Altered bioenergetics in MICU1 knockdown cells results 

increased mitochondria reactive oxygen species.  Increased reactive oxygen species has 
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catastrophic affects during cellular stress.  MICU1 knockdown cells are hypersensitive to 

cellular stress agents like ceramide.  Contrary to previously published reports, MICU1 is 

not functionally equivalent to MCU and does not impair mitochondrial Ca2+ uptake upon 

histamine stimulation.  MICU1 is a negative regulator of the mitochondrial Ca2+ 

uniporter at rest and prevents constitutive Ca2+ entry into the highly negative 

mitochondrial matrix.  By preventing such basal Ca2+ loading, MICU1 regulates cellular 

bioenergetics and reactive oxygen species.  In the absence of MICU1, reactive oxygen 

species accumulate and facilitate ceramide-induced cell death. 

Collectively, LETM1 and MICU1 play a critical role in mitochondria Ca2+ 

homeostasis and therefore are implicated in various physiological and pathophysiological 

Ca2+-regulated processes.  LETM1, the Ca2+/H+ antiporter, regulates mitochondrial Ca2+ 

uptake as an independent mechanism from the mitochondrial Ca2+ uniporter.  MICU1, the 

gatekeeper of the mitochondrial Ca2+ uniporter, prevents MCU-mediated mitochondrial 

Ca2+ uptake at rest. 
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General Discussion 

Mitochondrial calcium uptake has been known for almost six decades (Vasington 

et. al. 1962), however the molecular mechanisms by which this process is regulated have 

only recently been identified (Perocchi 2010, De Stefani et. al., 2011; Baughman et. al., 

2011).  While mitochondria were originally thought to act as a simple calcium “sink” that 

passively regulated cytosolic calcium concentrations, the role of mitochondria calcium in 

regulating cellular bioenergetics was impetus for intense exploration.  Identification and 

characterization of calcium uptake through the mitochondrial calcium uniporter and the 

mitochondrial calcium antiporter may yield potential therapeutic targets in cancer, 

autoimmunity, ischemia/reperfusion, age-related diseases and other mitochondria-

mediated diseases.  Therefore, this work set out to characterize the two main 

mitochondria calcium transport pathways by evaluating the role of the regulator of the 

mitochondrial calcium uniporter, MICU1 and the putative mitochondrial calcium 

uniporter, LETM1.   

Figure 3-3 establishes that LETM1 is essential for agonist-induced mitochondrial 

calcium uptake.  Furthermore, results demonstrate that in LETM1 knockdown cells the 

mitochondrial calcium uniporter remains active (Figure 3-4) suggesting that LETM1 and 

the uniporter are mutually exclusive calcium uptake mechanisms.  The role of LETM1 as 

the mitochondrial calcium antiporter had already been identified (Jiang et. al., 2009) 

however characterization of the effects of LETM1 knockdown remained unknown.  This 

work demonstrates that LETM1 plays an essential role in cellular bioenergetics.  Cells 

lacking LETM1 have decreased ATP levels and oxygen consumption rate (Figure 3-6).  

While culturing cells that lacked LETM1, it was observed that they proliferated much 
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slower than wild type.  Flow cytometry confirmed that knockdown of LETM1 caused 

decreased cellular proliferation (Figure 3-6).  Previous studies suggest that LETM1 may 

play multiple roles in the mitochondria (See introduction).  While LETM1 has been 

established as a regulator of mitochondrial ion homeostasis, it has been demonstrated that 

LETM1 may act as a scaffolding protein thereby being essential for supercomplex 

formation (Tamai et. al., 2008).  LETM1 knockdown causes dysfunctional organization 

of the supercomplexes of the electron transport chain which may result in decreased 

oxygen consumption rate observed in this study (Figure 3-8).  Impaired supercomplex 

formation as a result of LETM1 knockdown could account for decreased ATP formation 

even though mitochondrial membrane potential is maintained (Figure 3-5).  Although 

ATP synthase expression is unaltered in LETM1 ablated cells (Tamai et. al., 2008) and 

the proton-motive force is maintained, LETM1-mediated elevation in reactive oxygen 

species could cause mitochondrial dysfunction. 

Reactive oxygen species (ROS) is a natural byproduct of the mitochondrial 

bioenergetic process where as dysfunctional mitochondria are known to generate elevated 

levels of ROS.  Interestingly, this study shows that HeLa cells lacking either LETM1 

(Figure 3-7) or MICU1 (Figure 4-24) have drastically elevated basal mitochondrial 

reactive oxygen species.  This suggests that mitochondrial ROS is highly regulated and 

that any perturbation in mitochondrial calcium can alter the redox status of the 

mitochondria.  While the direct mechanism by which mitochondrial ROS is elevated 

remains to be evaluated the data suggests that mitochondrial calcium plays a significant 

role in regulating ROS homeostasis.  Figure 4-10 shows that MICU1 knockdown results 

in MCU-mediated elevated basal mitochondrial calcium.  Likewise, basal mitochondrial 
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ROS is elevated in cells lacking MICU1.  It is demonstrated here that basal ROS 

elevation in MICU1 knockdown cells is also MCU mediated (Figure 4-24).  It appears 

that MICU1 regulated basal mitochondrial calcium that when aberrant, triggers elevated 

mitochondrial ROS.  Previous studies (Starkov et. al., 2004) report that α-ketoglutarate is 

a site of mitochondrial ROS generation.  It has been well established (Reviewed by 

Denton, 2009) that mitochondrial matrix calcium concentrations regulate α-ketoglutarate 

by increasing the affinity of the enzyme for its substrate.  Therefore it is plausible that the 

link between MICU1-regulated basal mitochondrial calcium and elevated ROS in MICU1 

knockdown cells is through calcium-regulated dehydrogenases of the TCA cycle.  

Whether mitochondrial calcium-mediated ROS is a result of hyperactive bioenergetics 

(Figure 4-11) or other mechanisms remains to be elucidated. 

Together, this work has demonstrated that LETM1 knockdown causes impaired 

mitochondrial calcium uptake and dysfunctional cellular bioenergetics.  LETM1 is a 

mutually exclusive mitochondrial calcium uptake mechanism and may regulate cellular 

bioenergetics through a secondary role as a supercomplex scaffolding protein.  The 

results have established that MICU1 acts as a gatekeeper of MCU-mediated calcium 

uptake.  MICU1 knockdown results in elevated basal mitochondrial calcium that has a 

host of downstream effects including: hyperactive bioenergetics, elevated mROS, and 

sensitization to cellular stress.  Interestingly, many of the phenotypes depicted in this 

work are under agonist activated or cell stressed conditions such that LETM1 and 

MICU1 may play critical roles in physiological settings. 
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