Cell. Mol. Life Sci. (2015) 72:1489-1498
DOI 10.1007/s00018-014-1810-1

Cellular and Molecular Life Sciences

REVIEW

Molecular mechanism of mitochondrial calcium uptake

Lele Wang - Xue Yang - Yuequan Shen

Received: 26 September 2014 /Revised: 15 December 2014/ Accepted: 18 December 2014 /Published online: 30 December 2014

© Springer Basel 2014

Abstract Mitochondrial calcium uptake plays a critical
role in various cellular functions. After half a century of
extensive studies, the molecular components and important
regulators of the mitochondrial calcium uptake complex
have been identified. However, the mechanism by which
these protein molecules interact with one another and
coordinate to regulate calcium passage through mitochon-
drial membranes remains elusive. Here, we summarize
recent progress in the structural and functional character-
ization of these important protein molecules, which are
involved in mitochondrial calcium uptake. In particular, we
focus on the current understanding of the molecular
mechanism underlying calcium through two mitochondrial
membranes. Additionally, we provide a new perspective
for future directions in investigation and molecular
intervention.
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Introduction

Mitochondria are energy providers for various cellular
activities and act as important signaling nodes to produce
and transduce signals in the cell [1, 2]. Consequently,
mitochondria are vital for many cellular processes, such as
ion homeostasis, apoptosis, and autophagy [3]. Ca*" is a
second messenger that regulates eukaryotic cell life from
proliferation to death [4]. Mitochondria were the first
intracellular organelles found to closely associate with
Ca*" signaling [5]. Ca®>" homeostasis plays a crucial role
in mitochondrial function [6, 7]. Cellular Ca** signals are
finely regulated by many ion channels, pumps and
exchangers, which can transport Ca®" across the plasma
membrane and various types of organelles [8]. The endo-
plasmic reticulum (ER) and mitochondria significantly
contribute to cellular Ca>" homeostasis [9].
Mitochondrial Ca®" transport participates in different
physiological processes, such as shaping the cytosolic Ca*"
transients [10—13] and controlling the metabolic rate for
cellular energy production [14—16]. Ca®" overload in the
mitochondria leads to activation of the cell death pathway
[17-21]. In the 1960s, scientists found that rat kidney
mitochondria took up large quantities of Ca®" [22, 23],
after which the Ca®" carrier was defined as the mito-
chondrial Ca®* “uniporter” [24]. By patch-clamping the
inner mitochondrial membrane, researchers demonstrated
that the uniporter is a highly selective Ca®" channel [25].
The mitochondrial respiratory chain proton pump compo-
nents generate a large voltage across the inner
mitochondrial membrane (AW ), which is the main driving
force for Ca*™ accumulation in the mitochondrial matrix
through the uniporter [26, 27]. The uniporter rapidly
transports Ca®" across the steep electrochemical gradient
and is inhibited by ruthenium red. The apparent Ca®"
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affinity of the uniporter is very low (10-20 uM); therefore,
the influx rate of healthy cells may become weak because
of the low [Ca”]C [28]. The discrepancy between the
uniporter’s low apparent Ca”" affinity and its role in high-
flux Ca®" uptake is explained by the existence of the local
micro-domains’ concept of high Ca®>" concentrations at
sites of ER—mitochondrial junctions [1, 29, 30].

A high concentration of Ca®" is present, upon IP3-
mediated ER calcium release, in close appositions between
the ER and mitochondria [29]. The Ca*" signal microhet-
erogeneity may, therefore, determine the mitochondrial
Ca’" uptake. The Ca®" released from the ER can be
transported into mitochondria via a voltage-dependent
anion channel (VDAC) on the outer membrane and a
uniporter on the inner mitochondrial membrane [1].

In this review, we summarize the progress of research
on mitochondrial Ca*" uptake, focusing on molecular
regulation of proteins involved in this crucial process.

VDAC in the mitochondrial outer membrane

The VDAC, the most abundant protein in the outer mito-
chondrial membrane, controls the flux of small molecules
and ions between the cytosol and mitochondrial spaces
[31]. The VDAC is a large-diameter (2.5-3 nm) channel
that is permeable to solutes smaller than 5 kDa and thus to
Ca>* [32]. It also acts as a scaffold for modulator proteins
and plays a key role in mitochondrial-induced apoptosis
[33]. The VDAC adopts a stable, open conformation at a
low or zero membrane potential, at which small ions are
subject to selective conduction, and multiple conformations
at potentials greater than 3040 mV, which yield different
ionic selectivities and permeabilities [31, 34]. The VDAC
can finely tune cellular processes through three isoforms
(VDACI1, VDAC2 and VDAC3) [35] that have common
channel properties but play different roles in cell survival.
The silencing of VDACI potentiates apoptotic challenges,
whereas that of VDAC2 has the opposite effect. VDACI1
selectively transfers low-amplitude apoptotic Ca®" signals
to mitochondria. VDACI1, but not VDAC2 or VDACS3,
interacts with IP3 receptors, and this interaction can be
further strengthened by apoptotic stimuli [36].

VDAC transports Ca®" across the mitochondrial outer
membrane [32]. The expression levels of VDAC are
directly correlated with the process in which Ca*" is rap-
idly taken up into the mitochondrial matrix [37].
Overexpression of VDAC enhances the amplitude of ago-
nist-dependent increases in the mitochondrial matrix Ca®"
concentration [36, 38] but has no effect on the ER Ca’*
concentrations. The amplitude-enhancing effect is due to
the formation of new ER—mitochondria contacts and not to
a general increase in the permeability of the outer
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membrane and/or an effect of the uptake systems. More-
over, VDAC-dependent enhancement of the mitochondrial
Ca’" responses promotes Ca”-dependent changes in
organelle morphology and in activation of mitochondrial
apoptotic events.

The structure of VDACI was previously determined
using different approaches (Fig. 1a, b). VDACI adopts a B-
barrel architecture composed of 19 B-strands with an
N-terminal a-helix located horizontally midway within the
pore [39—41]. The N-terminal segment (1-26 amino acids)
that forms a hydrogen-bond pattern with B-strands 8-19
facilitates its orientation against the interior wall of the
pore [40]. The general consensus in the field is that the
N-terminal segment of VDAC is involved in voltage gating
and, therefore, may adopt different conformations. The
N-terminal o-helix of VDACI can translocate from the
internal pore to the channel face and then interact with anti-
apoptotic proteins (hexokinase, Bcl-2 and Bcl-xL), which
demonstrates its important role in channel gating and cell
survival [42-44]. Ca2+-binding sites have been identified
in VDAC1 (Fig. 1c) [45], and studies show that the
inhibitor ruthenium red interacts with Ca”"-binding sites
[46] and reduces VDAC conductance [31].

The uniporter complex in the mitochondrial inner
membrane

Although uniporter physiology has been studied exten-
sively for approximately half a century, the molecular
identity of the uniporter has remained elusive until
recently. In 2010, based on clues from comparative phys-
iology, evolutionary genomics, organelle proteomics and
genome-wide RNAi screening, the mitochondrial Ca®"
uptake 1 (MICU1) protein was identified as an essential
element in mitochondrial Ca®* uptake [47, 48]. The iden-
tification of MICU1 has greatly facilitated research on the
remaining uniporter complex components. The uniporter is
an approximately 480-kDa multiple protein complex,
referred to as the uniporter complex, rather than a single
protein [49]. The molecular components of the uniporter
include the channel subunit MCU, the endogenous MCU
dominant-negative protein MCUDb, the two Ca®'-sensing
regulatory proteins MICU1 and MICU2, and the essential
MCU regulator EMRE (Fig. 2).

MICU1

MICUI, the first protein in the uniporter complex to be
characterized, is located in the inner mitochondrial mem-
brane and expressed in the most mammalian tissues. MICU1
is an approximately 54-kDa protein with an amino-terminal
mitochondrial targeting sequence, a transmembrane helix
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Fig. 1 VDAC structure. a, b Cartoon representation of mouse VDAC (PDB code: 3EMN) with different perspectives. ¢ Proposed Ca>"-binding
sites in mouse VDAC. Residues E73 and E203 are shown as magenta spheres

Fig. 2 Schematic Low
representation of the
mitochondrial calcium uptake
complex in the low Ca®" state
(a) and high Ca>" state (b).
These models are based on our
current understanding of the
published data. /MM inner
mitochondrial membrane

Matrix
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and a cytosolic C-terminus (amino acids 53—476) containing
two classic EF-hands, which acts as a Ca”* sensorto regulate
the MCU channel activity [50].

MICU1 and MCU have a close relationship; they are
homologs of both MICU1 and MCU in metazoan, plants,
and protozoa but not fungi [51]. Co-immunoprecipitation
experiments demonstrated that MICU1 and MCU physi-
cally interact with each other [52-55]. In all vertebrates,
the MICUI and MCU genes are adjacent and share a
potential bidirectional promoter, which may be the mech-
anistic basis for their coordinated expression [51].

MICU1 is an essential component of the uniporter
complex. shRNA knockdown of MICUI in HeLa cells
strongly disrupts the mitochondrial Ca*" uptake phenotype
after histamine stimulation. Moreover, expression of the
MICU1 cDNA in the knockdown cells was sufficient to
fully rescue mitochondrial Ca*" uptake. By contrast,

High
Ca24

VY

MICU2 EMRE MCU MCUb MCUR1

cDNA expression of the MICU1 EF-hands mutant did not
rescue the mitochondrial Ca*" uptake phenotype [47].
Silencing MICU1 did not disrupt mitochondrial respiration
or membrane potential, but it attenuated metabolic cou-
pling between cytosolic Ca®" transients and activation of
matrix dehydrogenases. These results demonstrate the
cooperative role of MICUI in regulating mitochondrial
Ca®" uptake and that the EF-hands of MICUI play a key
role in this process.

However, Mallilankaraman et al. [53] observed a dif-
ferent phenomenon; they found that MICU1 is required to
preserve normal [Ca2+]m under basal conditions. MICU1
knockdown resulted in basal [CaZ“L]m accumulation, which
triggered generation of excessive reactive oxygen species
(ROS) and sensitivity to apoptotic stress. [Ca**],, accu-
mulated in MICU1 knockdown cells through MCU-
mediated Ca®" uptake. Thus, MICUI is a gatekeeper that
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sets a [Caz+] threshold of MCU-mediated mitochondrial
Ca’" uptake. Below 3—4 pM [Ca’"],, MICUI strongly
inhibited MCU-mediated Ca>* uptake, but this inhibition
did not affect the overall kinetics of MCU-mediated Ca®"
uptake at higher [Ca®").. Moreover, the EF-hands mutant
of MICUT lost the gatekeeper function, which suggests that
EF-hands provide a high-affinity [Ca*"],,-sensing mecha-
nism that enables MICUT1 regulation.

Csordas et al. [56] found that MICUI1 regulation of
MCU-mediated Ca** uptake was dose-dependent based on
[Ca”]c. These authors confirmed the role of MICU1 in
setting a [Ca® "], threshold that prevents mitochondria from
taking up low [Ca**].. In addition, they found that MICU1
facilitates cooperative activation of MCU as the [Ca”]C
increased. Although the EF-hands-mutated MICU1 could
block the Ca*" uniporter at low [Ca*"]., which is similar to
wild-type  MICU1 (in contrast to Mallilankaraman’s
results), it could not conduct cooperative activation as the
[Caz“L]C increased. The function transition of MICU1 must
be mediated by Ca’" binding to two MICU1 EF-hands.
MICU1 is a molecular switch that binds Ca2+, which
sharply enhances MCU-mediated mitochondrial Ca**
uptake. Therefore, a brief MICU1 regulation model
includes low [Caz“L]C conditions, as MICU1 does not bind
Ca*"; Ca*"-free MICUI inhibits Ca*" uptake into mito-
chondria and thus sets a threshold for MCU. With
increasing [Ca®"]., MICU1 binds Ca?" and then activates
mitochondrial Ca®" uptake. Csordas et al. also found that
MICU1 depletion produced an adaptive increase in mito-
chondrial matrix Ca®" chelation.

Discrepancies in results from different research groups
may be due to different experimental conditions. In our
experience, fluorescent dyes used for Ca?* measurements
have resulted in different interpretations. Therefore, the
fluorescent dye for Ca>* must be consistent with the cal-
cium concentration range measured in the experiment. We
reported that the affinity of MICU1 for Ca®" is approxi-
mately 15-20 pM [55]; this result indicates that MICU1 is
less likely to bind Ca*" in a resting cell. We support the
model proposed by Csordas et al. [56].

MICUI1 acts as a calcium sensor. Studying its topology
can aid in understanding the mechanism underlying its
operation. However, the results are contradictory. It was
predicted that MICU1 includes a single transmembrane
domain at its N-terminus. Alkaline carbonate extraction of
mitochondria from HEK293T cells showed that MICU1 is
strongly associated with the inner mitochondrial mem-
brane. A proteinase K (PK) digestion experiment showed
that the large, soluble C-terminal portion of MICU1 was
located in the inter-membrane space of the mitochondria,
which is consistent with the function by which it senses
changes in the [Ca®"]. and regulates MCU-mediated Ca®"
uptake [55-57]. By contrast, Hoffman et al. [54] concluded
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that MICU1 was compartmentalized primarily in the
matrix side of the inner mitochondrial membrane by
imaging tagged mitochondrial proteins in plasma mem-
brane-permeabilized cells in response to outer and inner
membrane permeabilization. Recently, Hung et al. [58]
combined APEX technology with stable isotope labeling
using amino acids in a cell culture (SILAC)-based ratio-
metric tagging strategy and detected MICUL1 in the inner
membrane space proteome. Hoffman et al. demonstrated
that the polybasic motif (amino acids 99-110) of human
MICU1 is essential for MCU binding and that the EF-hands
of MICUI1 do not participate in this process. Kamer et al.
and our group found that the MICUI C-terminal helix
(amino acids 445—-476) plays a key role in the interaction
with MCU [55, 59]. In our opinion, the argument that the
C-terminal portion of MICU1 is located in the periplasmic
space of mitochondria is more consistent with most pub-
lished experimental data [56, 57].

Our group recently described the atomic structures of
both Ca*"-free and Ca**-bound human MICU]1 (Fig. 3a, b)
[55]. The structures revealed that the C-terminal portion of
MICU!1 includes four regions: the N-domain (residues
103-177), the N-lobe (residues 183-318), the C-lobe
(residues 319-445) and the C-helix (residues 446-476).
Each MICU1 molecule can maximally bind two calcium
ions. Our studies showed that Ca*"-free MICU1 forms a
hexamer that binds and inhibits MCU. Upon Ca*" binding,
MICU!1 undergoes large conformational changes, which
yields a mixture of oligomers that activate MCU (Fig. 3c).
In the Ca**-free MICU1 hexamer, the C-helix is located in
the center of the six molecules and is packed as a helix
bundle. Removal of the C-helix abolishes the interaction
between MICUI and MCU under both Ca®'-free and
Ca”*-bound conditions, resulting in a loss of MICUI-
activated mitochondrial Ca*" uptake.

MICU2

MICU2 is a vertebrate paralog of MICUI and shares
approximately 42 % protein sequence similarity with
MICUI. MICU2 also contains two conserved EF-hands
[60]. Like MICU1, MICU?2 is located on the inner mem-
brane of mitochondria with its N-terminal mitochondrial
targeting sequence. MICU?2 is broadly expressed in various
mouse tissues, particularly in visceral organs. The protein
expression levels of MICU2 depend largely on MICUI,
and MICU1 silencing dramatically reduced MICU2
expression [57, 59, 60]. However, MICU2 knockdown
reduced MICU1 expression in HelLa cells but not
HEK?293T cells. MICU1 and MICU2 physically interact
with each other in the presence of Ca®" or EGTA. The
480-kDa uniporter complex includes MICU2, and MICU2
knockdown alters the complex size [60].
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Fig. 3 Conformational changes
in human MICU1 upon Ca*"
binding. Cartoon representation
of the overall MICU1 structure
in the Ca>"-free (a) and Ca’*-
bound states (b). PDB codes:
4NSC for the Ca>*-free MICU1
and 4NSD for the Ca®*-bound
MICUI. Calcium is shown in
red. ¢ Potential MICU1
oligomer conversion upon Ca®"
binding. The Ca*"-free MICU1
hexamer is shown in red, blue,
green, cyan, yellow and orange,
respectively. The Ca®"-bound
MICU1 dimer is shown in green
and blue, respectively

Previous studies of MICU1 function did not consider
contributions from MICU2. Recently, functional studies of
MICU?2 have made significant progress, but large discrep-
ancies remain. Kamer et al. [59] showed that the
knockdown of MICU1 or MICU?2 alters the threshold for
mitochondrial Ca*" uptake. Transfection of the EF-hand
mutants for MICUl or MICU2 constitutively inhibits
mitochondrial Ca>* uptake. Moreover, the EF-hand muta-
tion for MICU1 or MICU?2 also abolished the cooperative
function of mitochondrial Ca®" uptake, which suggests that
MICU1 and MICU?2 play a non-redundant role in regulat-
ing MCU-mediated Ca** influx. Kamer et al. also found
that in the absence of MICU1, MICU2 did not associate
with the MCU complex but the converse was not true.
MICU1 without functional EF-hands inhibited Ca®* uptake
in the absence of MICU?2, but, again, the converse was not
true [59, 61].

Patron et al. [57] performed an FRET-based protein—
protein interaction assay and confirmed a MICU1-MICU2
interaction in living cells; these authors found that MICU1
and MICU2 formed a heterodimer through a disulfide
bond. Mutation of these cysteine residues abolished the
MICUI-MICU? interaction. The short loop between the
two transmembrane helices of MCU participated in the
interaction with the MICU1-MICU2 dimer. Mutation of
the acidic residues of this loop disturbed their interaction.
The activity of MCU expressed in vitro in planar lipid
bilayers was measured. Adding MICUI1 to the system did
not alter the channel activity under low [Ca**]. By con-
trast, MICU1 increased the open probability of MCU when
the [Ca®"] was high, which suggests a clear activation
effect of MICU1 on MCU activity but not an inhibitory
effect at low [Ca2+]. Using the same method, Patron et al.
verified that MICU?2 is an MCU inhibitor. Thus, MICU1
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and MICU2 form a regulatory dimer and modulate MCU
with opposing effects.

The reasons for the contradictory results are unclear, and
further investigation is necessary. In our opinion, MICU1-
MICU2 heterodimer formation through a disulfide bond
seems difficult because of a reducing environment in the
periplasmic space of mitochondria. The dimer detected
using SDS-PAGE gels in the absence of reducing agent
may be interpreted as a MICUI-MICU2 heterodimer or
hetero-oligomer in vivo. We prefer the model in which
MICU1 and MICU2 cooperate rather than operate inde-
pendently to regulate MCU function.

MCU

The channel component in mitochondrial Ca’t uptake,
MCU, was independently identified by two research groups
in 2011 [52, 62]. MCU is ubiquitously expressed in
mammalian tissues and most eukaryotes but is absent in
Saccharomyces cerevisiae. MCU 1is a 40-kDa protein
located at the inner mitochondrial membrane. It has two
transmembrane helices and an acidic-residue-rich loop,
which are highly conserved among MCU orthologs. A co-
immunoprecipitation experiment showed that MCU forms
oligomers. A recent study demonstrated that MCU
assembles as a tetramer in vitro and in vivo, similar to other
cation channels [63]. Topology studies have indicated that
the N- and C-terminal portions of MCU are located in the
mitochondrial matrix and that the linker between two
transmembrane helices faces the inter-membrane space
[52, 56, 64]. The negatively charged residues in the linker
are critical for Ca®" transport. Mutating these residues
(E257A, D261A, and E264A) severely damaged mito-
chondrial calcium uptake. Baughman et al. showed that the
mutation of Ser259 had little influence on mitochondrial
Ca*t uptake; however, the sensitivity toward ruthenium
red was lost.

In intact cells, permeabilized cells and purified mouse
liver mitochondria, MCU silencing severely impaired
mitochondrial calcium uptake in response to histamine
stimulation or an extra-mitochondrial Ca’" pulse, but
cytosolic Ca®" mobilization remained intact. The mito-
chondrial Ca** uptake phenotype was rescued through the
expression of MCU cDNA. Downregulating MCU did not
affect other mitochondrial properties, such as O, con-
sumption, ATP synthesis, AW, or organelle shape.

The most important finding in the study by Baughman
et al. was that purified MCU protein that was reconstituted
in a planar lipid bilayer showed channel activity when
Ca®*" was the only cation contained in the medium. The
channel activity measured was similar to that reported by
Kirichok et al. and was inhibited by ruthenium red. The
mutant MCU protein in which two acidic residues (D260
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and E263) in the loop connecting two transmembrane
helices were mutated to glutamine failed to show Ca®'-
permeable channel activity in bilayer experiments [62].

Marchi et al. [65] found that miR-25 targeted the 3’UTR
of MCU and then drastically reduced MCU levels as well
as mitochondrial Ca®" uptake, which is a key aspect of
human colon cancer progression. Kovacs-Bogdan et al.
[66] found that mitochondrial Ca®>" uniporter activity could
be reconstituted in yeast through expressing Dictyostelium
discoideum (Dd) MCU. By contrast, reconstitution of the
human uniporter required the co-expression of MCU and
EMRE.

Unexpectedly, mice lacking MCU did not exhibit an
apparent phenotype of mitochondrial Ca®* uptake [67, 68].
In MCU-deficient skeletal muscle, significant levels of
Ca®*" were detected in the mitochondrial matrix and the
muscle exhibited alterations in the phosphorylation and
activity of pyruvate dehydrogenase, which suggests the
existence of a compensatory mechanism in vivo. The basis
for this result is unclear, and further investigation is nec-
essary. One likely explanation is that alternative pathways
exist for transporting Ca®' into mitochondria. Through
patch-clamping mitoplasts, researchers have recorded dif-
ferent types of Ca®" currents [69]; these uncharacterized
Ca*" transporters may functionally compensate for the loss
of MCU in mice. An alternative explanation is that mouse
mitochondria may contain MCU splice variants (see review
[70]), which may also be functional for Ca®" uptake.

MCUDb and EMRE

MCUPD is a paralog of MCU [63]. The MCUb gene is
present in vertebrates but absent in other organisms, such
as Plants, Kinetoplastids, Nematoda and Arthropoda.
MCUPD is located on the inner mitochondrial membrane and
contains approximately 330 amino acids [70]. MCUb is
conserved among all species and shares a 50 % similarity
with MCU. Predictions suggest that MCUb, like MCU, has
two transmembrane helices. RT-PCR results showed that
MCUDb was expressed at low levels and exhibited a dif-
ferent expression profile in HeLa cells and mouse tissues.
MCU and MCUD physically interact with each other and
form a hetero-oligomer (tetramer). Ca>" measurements in
intact cells showed that, under histamine stimulation,
MCUb silencing increased the [Ca2+]m, whereas MCUDb
overexpression markedly reduced the [Ca”]m. Electro-
physiological recordings demonstrated that MCUb is a
dominant-negative form of MCU, which alters Ca** per-
meation across the heteromeric channel [63]. Sancak et al.
[49] also found that MCUb is a component of the mito-
chondrial Ca®* uniporter complex.

In an effort to establish a full molecular characterization
of the uniporter complex, Sancak et al. discovered an
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additional component: essential MCU regulator (EMRE)
[71]. EMRE is a 10-kDa, metazoan-specific inner mito-
chondrial membrane protein with a single predicted
transmembrane helix. EMRE RNA is broadly expressed in
all mouse tissues. EMRE silencing leads to a loss of
mitochondrial Ca®" uptake in permeabilized HEK-293T
and HeLa cells after histamine stimulation. EMRE inter-
acts with both MICU1/2 and MCU. EMRE knockout
abolished the interaction between MICU1/2 and MCU.
Loss of EMRE reduced the uniporter complex size to
approximately 300 kDa on a native gel, similar to cells
lacking MICUI. As a result, these authors proposed that
EMRE interacts with MICU1/2 in the intermembrane and
with MCU oligomers in the inner membrane [49].

MCURI1 and SLC25A23

Mallilankaraman et al. [72] reported that MCURI (mito-
chondrial Ca®* uniporter regulator 1) plays a crucial role in
mitochondrial Ca®" uptake. MCURI is an inner mito-
chondrial membrane protein containing two
transmembrane regions, with most of the protein located in
the matrix. MCUR1 binds MCU (but not MICU1) and
regulates MCU-dependent Ca®" uptake. Silencing MCUR1
abrogated mitochondrial Ca*" uptake in intact and per-
meabilized cells. MCUR1 knockdown disrupted oxidative
phosphorylation, activated AMPK and induced macro-
autophagy. As a result, these authors proposed that
MCURLI is a critical component of the mitochondrial uni-
porter complex [70, 72].

Another regulator of mitochondrial Ca®" uptake was
recently identified: solute carrier 25A23 (SLC25A23) [73].
SLC25A23 contains two EF-hands and lies on the mito-
chondrial inner membrane. SLC25A23 knockdown
decreased mitochondrial calcium uptake after histamine
stimulation. Ectopic expression of SLC25A23 EF-hand
mutants reduced mitochondrial Ca** uptake, which indi-
cates that SLC25A23 EF-hands play an important role in
regulating mitochondrial Ca®" uptake. In addition,
SLC25A23 interacts with MCU as well as MICU1 and
increases Iy;cy. SLC25A23 increases basal reactive oxygen
species (ROS) and induces oxidative stress-mediated cell
death [73], providing a mechanism that targets MCU-
dependent Ca>* overload.

Other possible calcium transporters in the inner
mitochondrial membrane

In addition to the uniporter complex, several other types of
mitochondrial Ca?* uptake transporters have been proposed
[74], including mitochondrial ryanodine receptor (mRyR1),
uncoupling proteins (UCP), leucine zipper-EF-hand-

containing transmembrane protein 1 (LETM1), mitochon-
drial Ca>" current type 2 (mCa2), rapid mode of Ca uptake
(RaM), coenzyme Q10, and canonical transient receptor
potential channel 3 (TRPC3) [75].

MRyR1 is a ryanodine receptor in the inner mitochondrial
membrane [76] that participates in mitochondrial Ca** influx
in both cardiomyocytes and neurons [77, 78]. mRyR may be a
skeletal-muscle isoform of RyR type 1, which is present not
only in native cardiomyocytes but also in cultured cardiac
myoblasts and even in knockout mouse hearts [79]. mRyR can
accumulate Ca®" in mitochondria in response to cytosolic
Ca”" elevation and can be blocked by high concentrations of
ryanodine and ruthenium red [77, 79-81]. More importantly,
lipid bilayer experiments produced a large Ca®'-sensitive
conductance (500-800 pS) [80]. Therefore, mRyR may be
another route to Ca>* uptake in mitochondria.

Uncoupling proteins (UCP) are transporters that are
located on the inner mitochondrial membrane and that
create proton leaks, thereby uncoupling oxidative phos-
phorylation from ATP synthesis [82]. Trenker et al.
reported that UCP2 and UCP3 are fundamental for the
mitochondrial Ca*" uniporter in response to cell stimula-
tion through overexpression, siRNA and mutagenesis
experiments. These authors also confirmed a lack of
ruthenium red-sensitive Ca®>" uptake in liver mitochondria
isolated from UCP2~'~ mice [83]. The UCP2 structure was
determined using NMR molecular fragment replacement in
2011 [84]. UCP2 consists mainly of six transmembrane
helices that form a channel-like structure. The UCP2
structure can be divided into three pseudo repeats with
similar folds. Each of the two transmembrane helices,
along with the loop and amphipathic helix between them,
forms a repeat. The structure of UCP2 closely resembles
that of the bovine ADP/ATP carrier (ANT1), but the dif-
ference in the third repeat yields a more open structure on
the matrix side of the carrier in UCP2 compared with
ANTI. These results suggest that it is unlikely that UCP
proteins transport Ca®" directly into mitochondria.

LETM1 is a highly conserved eukaryotic protein located
in the inner mitochondrial membrane [85, 86]. The func-
tion of LETM1 is controversial. LETM1 was originally
identified as a K*/H" exchanger [85, 87, 88]. However,
genome-wide siRNA screening in Drosophila suggested
that LETM1 is a Ca*"/H" exchanger and is inhibited by
ruthenium red [89]. Recent studies in liposomes containing
purified LETMI1 protein indicate that LETM1 is a Ca®t/H™"
antiporter but is insensitive to ruthenium red [38]. There-
fore, LETM1 most likely mediates mitochondrial Ca**
efflux, not Ca’* uptake [74].

The rapid mode (RaM) of Ca®" uptake is a mechanism
that functions at the beginning of each of the cytosolic Ca®"
pulses and allows mitochondria to rapidly sequester Ca®"
from short pulses. Furthermore, this uptake rapidly recovers
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between pulses, which facilitates a mitochondrial response
to repetitive Ca®" transients [90]. mCa2 is also a voltage-
gated mitochondrial Ca’™ selective channel similar to MCU,
but it is ruthenium red-insensitive and has low sensitivity.
mCa2 was less active under failing heart conditions than in
mitoplasts from non-failing hearts [91]. Coenzyme Q10 is a
central electron carrier in the mitochondrial electron-trans-
port chain (ETC). The hydroxylated coenzyme 10 binds and
transports Ca”" across artificial biomimetic membranes
[92]. TRPC3 is a member of the large superfamily of tran-
sient receptor potential channels. It is permeable to the
cations: Ca®", Na' and K+ [93]. A portion of TRPC3 is
localized to the inner mitochondrial membrane. HeLa cells
with stably overexpressed TRPC3 and siRNA-down-regu-
lated MCU showed significant mitochondrial Ca®* uptake
when extramitochondrial Ca®" concentrations were rela-
tively high, indicating that the TRPC3 channel may be
another mitochondrial Ca®" uptake pathway [75].

Concluding remarks

Studies of mitochondrial calcium uptake have resulted in
significant progress recently, and the components of the
complicated uniporter complex and several regulators have
been identified and characterized. In the future, we antic-
ipate that more intensive studies will address the delicate
regulation of this uniporter complex. In addition, the uni-
porter complex acts predominantly in the mitochondrial
Ca”" uptake mode. Alternative mitochondrial Ca** uptake
mechanisms may exist; research on this topic may broaden
our understanding of mitochondrial Ca** uptake.
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