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The direct measurement of mitochondrial [Ca®*] with highly
specific probes demonstrated that major swings in organellar
[Ca®*] parallel the changes occurring in the cytosol and regulate
processes as diverse as aerobic metabolism and cell death by
necrosis and apoptosis. Despite great biological relevance,
insight was limited by the complete lack of molecular under-
standing. The situation has changed, and new perspectives have
emerged following the very recent identification of the mito-
chondrial Ca®>* uniporter, the channel allowing rapid Ca>*
accumulation across the inner mitochondrial membrane.

The Complexity of Calcium Signaling

The initial concept that Ca*" ions control physiological
events goes back to the seminal observation by Ringer in 1883
that addition of Ca®* to the perfusion buffer of isolated hearts
triggered their contraction (1). The development of techniques
to monitor changes in the cytoplasmic Ca®>" concentration
([Ca**1,) (2, 3) allowed the concept that Ca>* ions act as second
messengers to be to extended to virtually all cells. The advent of
powerful probes allowing single cell analysis (the intracellularly
trappable fluorescent indicators (4, 5)) revealed that Ca*"
increases can be highly localized (e.g. the synaptic region or the
secretory pole of an exocrine cell) or diffused across the cell as a
Ca®" wave and elicit an effect at a distant site (e.g. activate gene
transcription in the nucleus of the cell). Moreover, in most cell
types, the [Ca®>*]_ increases are oscillatory (6), and the fre-
quency of oscillation is differentially decoded by the cell (7, 8). It
is beyond the scope of this minireview to discuss the molecular
and cellular basis of this spatiotemporal complexity. It suffices
to mention two key requirements. The first is the cooperation
of different sources of Ca®* in the generation of the [Ca® "] rise:
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the extracellular medium, a virtually unlimited reservoir with a
[Ca®"] of ~1 mm, and intracellular pools, generally referred to
as Ca®" stores, which are endowed with a [Ca®>*] (>100 um)
that allows rapid release through resident channels (9, 10).
Although recent work has highlighted a role also for other
membrane-bound compartments (e.g. the Golgi apparatus (11)
and endo/lysosomes (12)), the most important intracellular
stores are the endoplasmic reticulum (ER)* and its specialized
counterpart of muscle cells, the sarcoplasmic reticulum (SR).
The second requirement for such a carefully orchestrated signal
is the existence of a broad number of molecules generating and
decoding [Ca®*] variations and their defined positioning
within the cell (13). Thus, specific pumps, channels, and buff-
ering proteins finely tune the spatiotemporal pattern of the
[Ca*"], rises, and specific targets, located in both the cytoplasm
and different intracellular organelles, are specifically affected by
the ionic change.

The Contribution of Mitochondria to Cellular Calcium
Handling

Mitochondrial Ca®* Uptake: A Historical Perspective

Mitochondria were the first intracellular organelles to be
associated with calcium handling. Indeed, Ca®>" uptake by ener-
gized isolated mitochondria was directly measured half a cen-
tury ago (14 —16). It is remarkable that this experimental obser-
vation anticipated the chemiosmotic theory that provides the
thermodynamic basis for rapid accumulation of a positively
charged ion into the mitochondrial matrix (17). In the following
2 decades, the process of mitochondrial Ca*>" accumulation
was thoroughly investigated. Although the outer membrane is
known to be permeable to ions and small solutes, transfer
across the inner membrane requires the presence of specific
transporters. Accordingly, a rapid electrogenic pathway
(denoted the “mitochondrial calcium uniporter” (MCU)) was
described that rapidly transports Ca*>" into the matrix, driven
by the negative charge of the membrane potential (AW) estab-
lished by the respiratory chain. Ca®>" accumulation partially
dissipates the electrochemical gradient, closely agreeing with
the early observation that Ca®>" stimulates respiration tran-
siently, in contrast with the classical mitochondrial uncouplers.
Ca®" accumulation by MCU does not proceed until electro-
chemical equilibrium (which would lead to a 10° concentration
difference) due to the activity of two main efflux pathways, the
Na*/Ca®>" (mNCX) and H"/Ca®" (mHCX) exchangers,
expressed mainly in excitable and non-excitable tissues, respec-
tively. The existence of a sophisticated machinery for Ca®>*
handling supported the general consensus that mitochondria
could actively and rapidly change their [Ca®>"] and participate
in cellular homeostasis.

2The abbreviations used are: ER, endoplasmic reticulum; SR, sarcoplasmic
reticulum; MCU, mitochondrial calcium uniporter; mNCX, mitochondrial
Na*/Ca®* exchanger; mHCX, mitochondrial H*/Ca** exchanger; IP;, ino-
sitol 1,4,5-trisphosphate; RyR, ryanodine receptor; IP5R, IP5 receptor; PTP,
permeability transition pore; OMM, outer mitochondrial membrane; IMM,
inner mitochondrial membrane; RuR, ruthenium red; TM, transmembrane.
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FIGURE 1. A, schematic representation (upper) and immunolocalization (lower) of the mitochondrial aequorin (mtAEQ) probe (showing correct targeting to
mitochondria); HA, haemagglutinin epitope. B, [Ca**],,, (blue traces) and [Ca® ], (red traces) measurements in HeLa cells upon treatment with 100 um histamine
in the absence (left panel) and presence (right panel) of the uncoupler carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP). cytAEQ, cytosolic aequorin.

However, this idea was strongly questioned in the 1980s by
two key observations. The first was the demonstration by Ber-
ridge and co-workers (18) that inositol 1,4,5-trisphosphate
(IP,), generated upon stimulation of receptors coupled to phos-
pholipase C, mobilizes Ca*>* from a “non-mitochondrial” Ca**
store, the ER. Furthermore, another seminal study described
the relative affinities for calcium uptake by mitochondria and
the ER (19). Quite appropriately, the sarco/endoplasmic retic-
ulum became the main research focus in calcium signaling,
leading to the identification of resident molecules involved in
Ca®" transport, the IP,- and ryanodine receptor (RyR)-sensi-
tive channels, and the sarco/endoplasmic reticulum ATPase
(10). The second key observation was the accurate [Ca*"],
measurement obtained, in virtually all cell types, with fluores-
cent indicators. It became clear that given the [Ca®"], mea-
sured under resting (~0.1 uMm) or stimulated (1-3 uMm at the
peak) conditions, MCU would not allow substantial Ca*"
uptake into the organelle. The general consensus thus changed,
and mitochondria gradually faded away from the general pic-
ture of cellular Ca>* homeostasis, as significant Ca®>" uptake
was predicted to occur only under conditions of massive Ca®*
overload.

The Resurrection of Mitochondria and the Microdomain
Concept

The pendulum swung again in the early 1990s. Although
mitochondrial Ca®>" uptake had already been described (20),
the development of recombinant targeted probes was crucial
for the reappraisal of the role of mitochondria. The pioneer of
these probes was the photoprotein aequorin (21), which was
followed by GFP-based fluorescent probes allowing the direct
visualization of [Ca®"] changes in imaging experiments (4, 22).
These highly specific probes clearly revealed that when a cell is
stimulated with a [Ca®"] -increasing agonist, mitochondria
always accumulate Ca®" in the matrix with a speed and an
amplitude that greatly exceed those expected from the proper-
ties of MCU in isolated mitochondria (23). Indeed, the upstroke
of the mitochondrial [Ca®*] ([Ca®>*], ) rise closely follows that
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of the cells (24), and the peak value reaches, in some cell types,
values in excess of 100 um (Fig. 1) (25).

The apparent discrepancy with the low affinity of MCU was
solved by the demonstration that mitochondria are located in
close proximity to the Ca®>" channels eliciting the Ca>™ rise, i.e.
the IP; receptors (IP;Rs; or RyRs) in the ER/SR (26-29), or
different classes of channels on the plasma membrane (e.g. volt-
age- and store-operated channels) (30-33). Therefore, they
sense a microdomain of high [Ca®" ] that meets the low affinity
of MCU and is then dissipated, thus preventing mitochondrial
Ca®" overload and/or vicious Ca®>" cycling across the mito-
chondrial membrane. This idea was initially supported by the
morphological demonstration of the close proximity of the two
organelles and by the evidence that only perfusion of IP; or of
Ca®" at a 10-fold higher concentration than that measured in
the bulk cytosol could induce rapid Ca>" uptake in permeabi-
lized cells (23). More recently, the [Ca>"] reached on the outer
surface of mitochondria was directly measured, thus providing
reliable estimates of the [Ca®>*] microdomain sensed by mito-
chondria (34, 35). The concept that mitochondria respond to a
pulsatile event, the generation of a rapidly dissipating microdo-
main, has major functional implications. The first stems from
the old observation that both ATP phosphorylation and Ca*>"
uptake occur at the expense of mitochondrial Ay +. During cell
stimulation, continuous accumulation (and cycling) of Ca*"
across the mitochondrial membrane would interfere with ATP
production, whereas a rapid and transient response allows a
functional response with limited energy drain, as discussed
below. The second crucial implication of a microdomain-based
signaling mechanism is that the shape and positioning of mito-
chondria within the cell become critical determinants of their
responsiveness to Ca>" signals. Thus, not only in neurons,
where localization in synaptic regions was known to underlie
rapid Ca®>" uptake (and Ca®* buffering), but in most cells, mito-
chondria appear to be docked to dedicated signaling sites
known as the mitochondria-associated ER membrane (36). In
addition, the highly regulated state of fusion/fission influences
the mitochondrial Ca®>* responses, as fragmentation discon-
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FIGURE 2. Pleiotropic roles of mitochondrial Ca®>* homeostasis. PDH, pyruvate dehydrogenase; IDH, isocitrate dehydrogenase; aKGDH, a-ketoglutarate

dehydrogenase.

nects part of the mitochondria from the signaling sites (37).
MEFN2 (mitofusin 2), a critical component of the mitochondrial
fusion/fission machinery, is enriched in mitochondria-associ-
ated ER membranes, where it was shown to tether the ER and
mitochondria (38), thus participating in the formation of mito-
chondria-ER contacts. Indeed, in fibroblasts lacking MFN2, the
distance between the ER and mitochondria increases, and mito-
chondrial Ca®" uptake is drastically reduced (38).

The Physio(patho)logical Role of Mitochondrial Calcium
Handling

The demonstration that mitochondria rapidly accumulate
Ca®" upon stimulation was followed by a large body of work
that allowed the physiological (and pathological) role of mito-
chondrial Ca®>" homeostasis to be established in the following
years (Fig. 2). At first, the role in the control of aerobic metab-
olism was directly investigated. Such a role was predicted based
on the biochemical evidence, dating back to the 1970s, that
three matrix dehydrogenases are activated by Ca®>*: pyruvate
dehydrogenase is regulated by a Ca*>*-dependent phosphatase,
and a-ketoglutarate and isocitrate dehydrogenases is regulated
by direct binding of Ca>" to the enzyme (39, 40). Stimulation of
Ca®"-sensitive dehydrogenases increases NADH availability
and hence the flow of electrons down the respiratory chain,
thus, in principle, enhancing a rate-limiting step for rapid ATP
synthesis in stimulated cells.
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Increased electron feeding into the respiratory chain allows
an increase in ATP production, as demonstrated by the direct
measurement of ATP levels in the mitochondria and cytosol.
Interestingly, this Ca®" -mediated activation of aerobic metab-
olism appears to be impaired in some mitochondrial genetic
disorders, such as respiratory chain defects, in which the partial
reduction of AW greatly impairs the transmission of Ca** sig-
nals to mitochondria and hence ATP production. Accordingly,
in cell lines harboring these mutations (such as the tRNA
defects), restoration of Ca®>" signals (e.g. using inhibitors of
mitochondrial Ca>" efflux) markedly increases ATP produc-
tion (41).

Importantly, mitochondrial Ca®" is also involved in the reg-
ulation of cell death pathways. Mitochondrial Ca®>" overload
haslong been known to be associated with the process of necro-
sis, such as that due to ischemia-reperfusion of the heart and
excitotoxicity of neurons (for a review, see Ref. 42). Cellular
(and hence mitochondrial) Ca®>* overload, in conjunction with
accumulation of reactive oxygen species, favors the sustained
opening of the high conductance cyclosporin A-sensitive per-
meability transition pore (PTP), which causes the rapid collapse
of AW, and the swelling of mitochondria, with consequent loss
of pyridine nucleotides and cytochrome c. The ensuing bioen-
ergetic crisis and ATP depletion send the cells to necrotic cell
death (43, 44).

ACEVEN
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In more recent years, however, Ca®>" dysregulation and,
more specifically, [Ca®>*],, increases have been shown to play a
regulatory role in the more controlled process of apoptotic cell
death. The initial evidence was provided by the demonstration
that the anti-apoptotic oncogene bcl-2 affects intracellular
Ca®" homeostasis by regulating the Ca”>* leak from the ER
and/or the release kinetics upon cell stimulation. The most log-
ical target for this signaling alteration was mitochondria, which,
in the initiation step of the intrinsic pathway of apoptosis,
release essential components of the apoptosome (such as cyto-
chrome ¢, SMAC/DIABLO, and apoptosis-inducing factor). In
this release, a key role is played by organelle fragmentation and
swelling following PTP opening (45), a process triggered by
increases in matrix [Ca®>"], in conjunction with a variety of
pathological challenges (e.g. oxidative stress or production of
C,-ceramide). Thus, in a stressed cell, cytosolic Ca®>" waves,
such as those evoked by a physiological stimulation, rather than
stimulating aerobic metabolism, trigger an intracellular wave of
PTP opening that ultimately leads to cell death. Interestingly, in
the ER, Bcl-2 reduces mitochondrial Ca*>* loading (46 —49),
whereas the pro-apoptotic members of the protein family (such
as Bax) exert the opposite effect (50). Furthermore, Bcl-2 local-
izes also to mitochondrial membranes, where it has been dem-
onstrated to protect cells against mitochondrial Ca®>* overload
(51).

Mitochondrial Ca®* signals have recently been shown to play
a major role in the regulation of autophagy. Indeed, a recent
seminal paper by Foskett and co-workers (52) clearly demon-
strated that [Ca®*],, exerts an inhibitory effect on AMP-acti-
vated protein kinase activity. Indeed, the authors showed that
in DT40 IP;R1/2/3 knock-out cells (in which IP;R-dependent
cellular Ca®" signals were abrogated), autophagy was maxi-
mally activated also in the presence of nutrients (52). The effect
could be ascribed to ablation of mitochondrial Ca?* loading, as
MCU blockers had the same effect as IP,R inhibition. This
study led to the interesting conclusion that apoptosis and
autophagy, which share molecular regulators (such as Beclin),
also utilize a common second messenger (Ca®>" and its loading
into mitochondria) to drive cell fate in opposite directions (high
mitochondrial [Ca®"], pro-cell death; low [Ca®"], autophagic
rescue).

Finally, the consequences of mitochondrial accumulation are
not limited to events occurring within the organelle. Indeed, the
fact that mitochondria can take up large Ca®* loads (albeit with
a low affinity mechanism) places them, at least in principle,
among the buffers that should be taken into account when esti-
mating the factors that reduce the amplitude of the cytosolic
[Ca®"] increases evoked by channel opening and/or that slow
the diffusion of Ca>" waves. Although we refer to more exhaus-
tive reviews for a detailed coverage of this topic, we will briefly
sketch two conceptually different mechanisms through which
mitochondrial buffering plays a functional role (53).

The first relates to the possibility that strategic positioning of
mitochondria endows cells with a highly polarized complex
morphology with a high capacity sink draining a large amount
of Ca®" and preventing (or delaying) Ca>" diffusion to distant
sites. In pancreatic acinar cells, a mitochondrial belt maintains
Ca®" rises in the apical region (where they are generated), lim-
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iting its effect to granule secretion. When the buffering capacity
of mitochondria is overwhelmed, as in supramaximal stimula-
tion or by impairing mitochondrial uptake capacity, the Ca*>"
wave diffuses to the whole cell, thus reaching also the nucleus,
where it promotes gene transcription and long-lasting changes
(54). In neurons, mitochondria located in proximity to the
plasma membrane accumulate large amounts of Ca®>" (up to
>10 mmol/kg of dry weight), most likely stored as calcium
phosphate precipitates (55). By this means, they modulate syn-
aptic [Ca®"] increases, strongly affecting neurotransmitter
release. Interestingly, genetic ablation of a low affinity Ca®*-
binding protein highly expressed in neurons (parvalbumin)
induces mitochondrial biogenesis and redistribution as a com-
pensatory mechanism, thus indicating that the cell regulates
these organelles as key components of its Ca®>" -buffering rep-
ertoire (56).

The second, conceptual mechanism is the generation of sig-
naling microdomains with the ER/SR or the plasma membrane,
in which mitochondrial Ca®>" uptake controls the microenvi-
ronment of the resident channels, thus modulating the positive
or negative feedback of the cation on the channel itself. A
revealing example was provided in the late 1990s by Lechleiter
and co-workers (57), who demonstrated that Ca®>" uptake by
energized mitochondria controls the kinetics of IP;R Ca*"
release and hence coordinates IP,-induced Ca®>" waves. Inter-
estingly, this concept is not restricted to ER channels but plays
arole also in the control of plasma membrane channels. A large
body of work has been carried out in T lymphocytes, which
depend on store-operated channel activity to sustain the pro-
longed [Ca®*] increases needed for cell activation (58). In this
system, mitochondria buffer the local [Ca®"] increases in the
proximity of the channel, thus preventing rapid inactivation.
Interestingly, in mast cells, mitochondria are more distant from
the plasma membrane but still participate in shaping the [Ca®"]
increase and hence the functional response by buffering the
global cytosolic rise, thus influencing both slow inactivation of
ORAI channels and ER Ca** loading (30).

The Essential Components of the Ca®>* Transport
Machinery

Outer Mitochondrial Membrane

Ca®" accumulation in the mitochondrial matrix requires the
crossing of two membranes, the outer (OMM) and inner (IMM)
mitochondrial membranes. Attention has been placed mostly
on the transport systems of the ion-impermeable IMM, as the
OMM is permeable to solutes of <5 kDa and thus also to Ca*".
However, the dependence of rapid Ca®>" uptake into the matrix
on high [Ca®>*] microdomains generated at the mouths of open
ER/SR (or plasma membrane) channels implied that also pas-
sive equilibration across the OMM could represent a rate-lim-
iting step. The high permeability of the OMM is due mostly to
its most abundant protein, the voltage-dependent anion chan-
nel, which allows the shuttling of all energy-related metabolites,
including succinate, pyruvate, malate, NADH, ATP, ADP, and
phosphate, from the cytosol to the mitochondria. Voltage-de-
pendent anion channel overexpression augments agonist-de-
pendent Ca™ rises, implying that the repertoire of OMM chan-

JOURNAL OF BIOLOGICAL CHEMISTRY 10753



MINIREVIEW: Molecular Identity and Physiological Roles of MCU

H* H* H*

IMM

NADH NAD*

ADP
+ Pi

IMS

CaZ*

Ca%

nNa*

Ca%*
matrix

FIGURE 3. Schematic representation of the essential molecular components of mitochondrial Ca>* homeostasis: the electron transport chain com-
plex, building up the electrical driving force for accumulation (AW), MCU, and the mNCX and mHCX exchangers. cyt, cytochrome ¢; IMS, intermembrane

space.

nels is a kinetic bottleneck in the transfer of the Ca®*
microdomain to the IMM (59, 60).

Inner Mitochondrial Membrane

Thermodynamic Principles— A much more substantial prob-
lem for Ca®"* accumulation in the matrix is represented by the
ion-impermeable inner membrane (Fig. 3). Indeed, the electron
transport chain translocates H* ions across the IMM, generat-
ing an electrochemical proton gradient (A +), which is mostly
in the form of a membrane potential difference (AW). Apy+
drives the flow of H* through the ATP synthase in a reaction
coupled to the generation of ATP from ADP and inorganic
phosphate (61) or through leak pathways, such as the uncou-
pling proteins (which cause H* cycling and increased respira-
tion and heat production) (62). AW also represents a very large
driving force for Ca>* accumulation. Based on the Nernst equa-
tion (Equation 1, where cat is cation),

RT ([catz+]out>

Ve =— W (Ea. 1)

a = ZF "
equilibrium is reached at an inside [Ca®"] 10°-fold greater than
that outside the IMM.

The Transporters—Ca>" influx occurs via an electrophoretic
pathway called the MCU. Ca*" accumulation by MCU is coun-
teracted predominantly by mNCX (63). This exchanger, first
described by Carafoli and co-workers (64), was recently identi-
fied by Sekler and co-workers (65), who demonstrated that
silencing of NCLX blocks Ca*>* extrusion and that NCLX-me-
diated mitochondrial Ca®" transport is inhibited by the NCX
blocker CGP-37157.

Both exchangers are ruthenium red (RuR)-insensitive, and
indeed, in classical experiments in isolated mitochondria, after
challenging mitochondria with a Ca®>* pulse, exchanger-medi-
ated efflux was initiated by RuR addition. mNCX is inhibited by
a group of benzothiazepine analogs, such as diltiazem, clonaz-
epam, and CGP-37157 (66). Its V., ranges between 0.6 (liver)

max

and 18 nmol (heart) of Ca®>*/mg of protein/min (67).
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The Discovery of the MCU: Finding the Needle in the
Mitochondrial Haystack

Through the years, there has been a wide consensus that the
key molecule allowing rapid accumulation of Ca®" across the
ion-impermeable inner channel is the electrophoretic pathway
called MCU. Studies in isolated mitochondria demonstrated
that it is inhibited by RuR (68) and lanthanides (69), witha V.
of >1400 nmol of Ca®>*/mg of protein/min (70). Electrophysi-
ological recordings of isolated mitoplasts demonstrated that
MCU is a highly selective, inwardly rectifying Ca>* channel (71,
72).

Several candidates have been proposed through the years
until the recent discovery. After a few tentative identifications
of putative RuR-binding glycoproteins in the 1970s (73), in a
series of papers, Sheu and co-workers (74, 75) proposed that
mitochondrially sorted RyR1 drives mitochondrial Ca®"
uptake in the heart. Although the tissue distribution and elec-
trophysiological properties seem to exclude RyR1 as the MCU,
the possibility that RyR is an additional uptake pathway coop-
erating with MCU in the heart is still open. More recently,
Graier and co-workers (76) proposed that UCP2 and UCP3 are
essential components of the MCU machinery. These results,
which were questioned on theoretical grounds and based on
experiments carried out in mitochondria from UCP2~/~ and
UCP3™/~ mice (77), have recently been ascribed to an indirect
effect on ATP production and hence ER Ca®" loading (78).
Finally, in 2009, Clapham and co-workers (79) identified, by
siRNA genomic screening in Drosophila, Letm1 as a putative
H"/Ca®" antiporter mediating Ca®>" accumulation in the
matrix. Given that the same protein was proposed to be a mito-
chondrial K*/H" exchanger (80) and that the proposed stoi-
chiometry and RuR sensitivity differ from those reported for
mNCX and mHCX (81, 82), the role of Letm1 awaits further
confirmation and, in all cases, does not reflect MCU activity.

The success in MCU identification required an innovative
approach. Indeed, (i) the available inhibitors of channel func-
tion (e.g. RuR) lacked the protein specificity necessary for direct
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protein identification; (ii) Saccharomyces cerevisiae appears to
have no RuR-sensitive mitochondrial Ca®>* influx (83), thus
preventing the use of yeast genetics; and (iii) iz silico homology
searches with known Ca®" channels yielded no successful hit.
An alternative strategy was made possible by the seminal work
of Mootha and co-workers (84), who constructed a mitochon-
drial gene data set (MitoCarta) by compiling an inventory of
gene products with proven mitochondrial localization. By
searching the MitoCarta data set, the same group identified a
54-kDa protein, renamed MICU1 (mitochondrial calcium
uptake 1). Its silencing in HeLa cells drastically reduced mito-
chondrial Ca®>" uptake, thus proving that it is an essential com-
ponent of the Ca>* uptake machinery (85). However, MICU1
includes two Ca®"-binding EF domains and a single putative
transmembrane (TM) domain and thus was unlikely to be the
channel itself.

The presence of an MCU regulator further stimulated the
search for MCU, and indeed, two groups (our own (87) and
Mootha’s (88)) found MCU in 2011 through an iz silico search
of the MitoCarta database. Specifically, we skimmed the list by
applying subsequent constraints: 1) a broad expression profile,
given the presence of RuR-sensitive mitochondrial Ca®>* uptake
in all mammalian tissues; 2) at least two computationally pre-
dicted TM a-helixes in the primary sequence (i.e. the expected
minimum requirement of all ion channels); 3) the absence in
S. cerevisiae, which lacks RuR-sensitive mitochondrial Ca**
uptake; and 4) the presence in Trypanosomatida, in which RuR-
sensitive Ca®>* uptake was reported (86). We ended up with a
list of 14 candidates, containing both well known (e.g. subunits
of NADH dehydrogenase) and yet unexplored proteins. We
finally reasoned that given the key function of ion permeation,
the evolutionary pressure was most likely focused on conserv-
ing the TM domains and the selectivity filter rather than other
traits. We thus carefully aligned the 14 TM domains and inter-
vening loops of candidates across distant species, and it was
immediately clear that one of the hits (the product of the
CCDCI09A gene) met our predictions: two very highly con-
served TM domains separated by a small loop identical in
sequence from human to kinetoplastids and enriched in acidic
residues. CCDC109A (then renamed MCU) became the leading
candidate and was validated in studies in intact and permeabi-
lized cells (Fig. 4). Interestingly, Mootha and co-workers (87)
also identified the same candidate using a different computa-
tional approach. They searched for genes closely related
to MICUI in terms of evolutionary co-occurrence and
mRNA/protein coexpression profiles, identifying CCDCI109A
as the top scoring hit.

MCU silencing virtually abolishes mitochondrial Ca®*
uptake in intact and permeabilized cells (87, 88). We cloned the
MCU cDNA and demonstrated that its overexpression doubled
the [Ca®"],, rise evoked by IP;-coupled agonists while signifi-
cantly reducing the amplitude of the [Ca®>*], peaks as a conse-
quence of the increased mitochondrial Ca** buffering (87).
These data demonstrated a crucial role also of this protein in
mitochondrial Ca®>* uptake, but direct evidence was necessary
to claim that it is MCU, i.e. the bona fide channel. We thus
expressed MCU in two different heterologous systems, Esche-
richia coli and wheat germ cell-free transcription/translation,
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FIGURE 4. Strategy for identifying MCU within the MitoCarta database.
TMDs, transmembrane domains.

and inserted the purified protein into the planar lipid bilayer.
The electrophysiological properties of MCU matched those
previously described in isolated mitochondria, and the current
was completely inhibited by RuR and Gd*>*. MCU activity was
also abolished by the mutation of two negatively charged resi-
dues to glutamine (D260Q/E263Q). Furthermore, when over-
expressed in HeLa cells, this mutant reduced mitochondrial
Ca®>" uptake, acting as a dominant negative, strongly suggesting
that MCU forms an active channel as an oligomer (87). Mootha
and co-workers (88) demonstrated that a single point mutation
of MCU (S259A) retains function but confers resistance to
Ru360, indicating that the most potent inhibitors of uniporter
activity (RuR and related compounds) act directly on the chan-
nel and not with associated regulatory elements.

Conclusions

After a long search in the wrong directions, an unexpected
twist rapidly unveiled the real identity of MCU. Now, the last
element of the cellular calcium signaling toolkit has been iden-
tified, and the direct molecular targeting of mitochondrial Ca**
homeostasis can be pursued in vivo and in vitro, as well as in
organ physiology and disease pathogenesis. To cite only a few
examples, the role of mitochondrial Ca** signals in aerobic
metabolism and in tuning the autophagic response to nutrient
deprivation can now be directly investigated and correlated
with cell function and trophism, as in the case of muscle adap-
tation to feeding conditions, aging, or pathological states. In
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contrast, sensitization to apoptotic and necrotic cell death can
be evaluated in important disease models, such as ischemia-
reperfusion of the heart and neurodegenerative disorders.
Finally, future molecular data should include structural infor-
mation supporting the discovery of specific inhibitors that
may represent a novel important class of pharmacological
compounds.
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