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Calcium mediates numerous functions in the human body. The two main organelles that regulate cellular calcium ion
concentration are the mitochondria and endoplasmic reticulum (ER). Mitochondria take up calcium from the cytosol
and regulate calcium-mediated cell signaling pathways. Calcium is involved in two primary mitochondrial functions:
apoptosis and cellular respiration. The mitochondrial calcium uniporter (MCU) is the ion channel in the mitochondria
for calcium uptake and regulation. After decades of research, the biological characteristics and functions of MCU’s
have only recently been elucidated. This review focused on the fundamental role of MCU’s in calcium uptake and its
biochemical properties based on its protein structure and aims at helping researchers learn more about how MCU
regulates a Ca2+ uptake.
INTRODUCTION
Calcium ion is a secondar y messenger which regulates
metabolic processes, gene expression, cell growth and death,
and other intracellular signaling pathways. Ca 2+ -mediated
cellular signaling is important in coordinating the diverse
environmental stimuli and initiating physiological responses
accordingly (Berridge et al., 1998). Ringer et al. conducted early
experiments to show that adding a Ca 2+ ion to the perfusion
buffer of an isolated heart muscle can cause contractions,
thereby proving that Ca 2+ can control a cellular process
(Vasington and Murphy, 1962).
Ca 2+ concentration of a cytosol varies constantly, and this
fluctuation is influenced by various cellular organelles and
proteins. ER and mitochondria are two major organelles that
regulate cytosolic Ca 2+ levels. These organelles can store
Ca 2+ when its cytosolic levels are very high and release it
to replenish its concentration in the cytosol. Ca 2+ uptake by
mitochondria regulate Ca 2+ concentration not only in the cytosol
but also in the mitochondrial matrix (Vasington and Murphy,
1962). Mitochondria require Ca 2+ to maintain Ca 2+ homeostasis,
synthesize ATP (Figure 1), and control cell death (McCormack
and Denton, 1980; Rizzuto et al., 2012; East and Campanella,
2013; Baradaran et al., 2018). The mitochondrial Ca 2+ uptake is
triggered by a potential difference that forms at mitochondrial
inner membrane as a result of respiration. In the case of
mitochondrial permeability transition pore (mPTP), this channel
emerges in pathological conditions, such as brain injury caused
by an external force or stroke, allowing mitochondria to uptake
Ca 2+ through it (Lesnefsky et al., 2017).
Several decades of research has been conducted to
determine the primar y mechanisms for uptaking Ca 2+ in
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mitochondria. The mitochondrial calcium uniporter (MCU)
holo-complex was identified to be primary ion channel for Ca2+
uptake in the mitochondria (Kirichok et al., 2004; Baughman et
al., 2011; De Stefani et al., 2011). This complex was discovered
in inner mitochondrial membrane (IMM) and consists of
several subunits (Figure 2). The first identified sub-unit is the
mitochondrial calcium uptake 1 (MICU1). It has two EF-handed
motifs which works sensing Ca 2+ to control the MCU holocomplex activity (Csordas et al., 2013; Ahuja and Muallem,
2014; Kamer and Mootha, 2015). MICU2 was later discovered
to be an MICU1 homolog. It consists of two EF-handed motifs
as well and functions together with MICU1 as another Ca 2+
sensor (Kamer et al., 2017; Kamer et al., 2019). The MCU holocomplex has MCU to form a pore (Baughman et al., 2011; De
Stefani et al., 2011). It has two transmembrane domains, which
are sufficient for the self-assembly of the Ca 2+-permeable pore
structure. The essential MCU regulator (EMRE) is a short protein
found in all metazoans (Sancak et al., 2013). Despite containing
only one transmembrane helix, EMRE is essential for the
basic function of the MCU holo-complex. These four proteins
constitute a MCU holo-complex involved in Ca 2+ absorption
(Figure 2).

MCU: PORE-FORMING SUBUNIT OF THE MCU
HOLO-COMPLEX
Previous studies discovered Ca 2+ ion accumulation in the
mitochondrial matrix through experimental Ca 2+ measurements
(Grynkiewicz et al., 1985; Miyawaki et al., 1999; Rudolf et al.,
2003). The IMM is the main barrier to Ca2+ uptake because outer
mitochondrial membrane (OMM) shows the permeability to
most solutes, including Ca 2+. The main ion channel in the IMM
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FIGURE 1 I Mitochondrial calcium uptake for ATP production. Ca 2+
is a necessary ion for ATP synthesis in the mitochondria because it is
a major cofactor of isocitrate dehydrogenase (IDH) and α-ketoglutarate
dehydrogenase (αKGFH), two critical enzymes in the Krebs cycle. Ca 2+
is transported from the cytosol to mitochondria via voltage-gated anion
channels (VDACs). MCU is located in the inner mitochondrial membrane
and transports Ca 2+ from the intermembrane space, for ATP production.
Yellow circles represent Ca 2+.

that takes up Ca 2+ from the intermembrane space has been
extensively studied over the past several years. This ion channel
was inhibited by Ruthenium red (RuR), a non-selective Ca 2+ ion
channel blocker, and lanthanides in isolated mitochondria (Mela,
1969; Bernardi et al., 1984). This ion channel is highly selective
for Ca 2+ ions and transpor ts them inward. Fur thermore,
RuR treatment has no effect on Saccharomyces cerevisiae ,
indicating that this Ca 2+ ion channel does not exist in yeast
(Carafoli et al., 1970).
Several candidates had been proposed as a main ion
channel to uptake Ca 2+ at mitochondria. MICU1 was the first
protein to be proposed as a main Ca 2+ ion channel for Ca 2+
uptake in mitochondria. MICU1 was seem to uptake Ca 2+
into mitochondria because it has two EF-handed motifs that
bind to Ca 2+, and silencing this protein reduces Ca 2+ uptake
significantly (Perocchi et al., 2010). However, it has only one
transmembrane domain (TM), which is not sufficient for an ion
channel formation.
Following the discovery of MICU1, two research groups
independently discovered MCU through in silico analysis
(Baughman et al., 2011; De Stefani et al., 2011). The MCU has
widespread expression in most human cells but no homolog in
yeast. According to computational analysis, the MCU contains
two putative transmembrane (TM) helices and forms oligomers,
allowing the assembly of an ion channel structure that is Ca 2+
permeable. Biochemical experiments revealed that the gene
encoding the MCU protein, CCDC109A (presently known as
‘MCU’), is involved in the RuR sensitive Ca 2+ permeation in the
cell. Overexpression of this gene increased, and silencing it
decreased the mitochondrial Ca 2+ concentration, in both non-
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FIGURE 2 I Overall architecture of MCU holo-complex. The MCU
complex comprises of four subunits. The MCU is a Ca 2+-transport pore
domain. MICU1 and MICU2 are Ca 2+ sensors with EF-handed motifs.
Ca 2+ uptake requires EMRE, a tiny single transmembrane helix that intermediates the interaction between MCU and MICU1 to make MCU holocomplex. Without Ca 2+, there is no Ca 2+ binding in MICU1 and MICU2. In
this situation, MICU1 interact with the upper region of TMD in MCU. So,
MICU1 can inhibit the access of Ca 2+ to MCU physically. At high concentration of Ca 2+, Ca 2+ can bind to MICU1 and MICU2, This Ca 2+ binding
triggers the conformational change that separate MICU1 from MCU.
Then, Ca 2+ can access to MCU and be transported into mitochondrial
matrix through MCU.

permeabilized as well as permeabilized cells. In particular,
its overexpression led to reduced cytosolic and enhanced
mitochondrial Ca 2+ concentration and electrophysiological
experiments yielded the same results as those of an earlier
study conducted using isolated mitochondria (Baughman et al.,
2011; De Stefani et al., 2011). These findings indicate that the
MCU protein encoded by CCDC109A is the important protein
for mitochondrial Ca 2+ uptake.
Computational research predicted a highly conser ved
sequence between the two TM helices in MCU. Interestingly,
this conser ved sequence from various species contains
the DxxE motif (x being a random amino acid) (Bick et al.,
2012). When the two acidic amino acids, D and E in this motif
were altered, Ca 2+ uptake in the cells was abolished and
mitochondrial Ca 2+ concentration was reduced (De Stefani
et al., 2011). This finding indicates that this sequence had
been conserved throughout evolution and is important for
Ca 2+ permeability of MCU. Since a mutation in the DxxE motif
abolished Ca 2+ uptake activity, it was initially thought to be
the main pore-forming unit for Ca 2+ transport. Furthermore,
S259A mutation in MCU has a resistance to Ru360, an RuR
derivative (Baughman et al., 2011). These indicate that MCU
could be the most important component in Ca 2+ transport.
Moreover, experiments with the MCU homolog in Dictyostelium
discoideum further emphasized the significance of MCU for
pore formation. Interestingly, the MCU of D. discoideum is
capable of transporting Ca 2+ on its own. Transformation of MCU
from D. discoideum into yeast lacking the same, resulted in
a reconstitution of its MCU activity, meaning that it is the key
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component of the complex (Kovacs-Bogdan et al., 2014).
Multiple cryo-EM structures of the fungal MCU revealed
not only the overall architecture but also the mechanism of
how the MCU forms a pore and selectively transports Ca 2+
(Baradaran et al., 2018; Fan et al., 2018; Nguyen et al., 2018;
Yoo et al., 2018). The MCU is a homo tetramer which has a pore
at its center, surrounded by the four protomers (Figure 3A).
The N-terminal domain (NTD), transmembrane domain (TMD),
and coiled-coil domain (CCD) are the three structural domains
with the CCD connecting the NTD and TMD in each protomer.
Although the sequence homology is low, the overall structure
of NTDs is very similar across species, with two helices and
six strands. The NTD shows a two-fold symmetry in the MCUs,
whereas the TMD assembly shows a four-fold symmetry (Figure
3B). The ionotropic glutamate receptor (iGluRs) structure has
features similar to those of the NTD and TMD of MCU. The
conformations of the ligand-binding domain (LBD), aminoterminal domain (ATD), and TMD of this receptor are all
symmetrically mismatched. TMD has a four-fold assembly,
while the LBD and ATD of iGluRs adopt two-fold symmetry
(Twomey et al., 2017; Twomey and Sobolevsky, 2018). This
symmetry mismatch could be playing a key mechanistic role,
when the iGluRs undergo a variety of LBD transitions before
entering their gating stage. In a similar manner, the symmetry
mismatch between the TMD and NTD of MCU could be linked
to the MCU gating mechanism.
The ion-conducting domain is shaped like a truncated triangle
with the transmembrane portions serving as a selective Ca 2+
filter, across the IMM. The cavity for Ca 2+ permeability consists
of two transmembrane helices (TM1 and TM2) and a CCD. The
TM2 domain is found inside the channel and is responsible for
mediating to form tetrameric ion conduction holes (Figure 4A),
whereas the TM1 domain is found outside the channel and is

FIGURE 3 I Overall structure of Neurospora crassa MCU (MCUnc). (A)
Cryo-EM structure of MCUnc (PDB code: 6DT0). In sagittal view of the
MCUnc, transmembrane domain (TMD), coiled-coil domain (CCD), and
N-terminal domains (NTD) are shown in that order This figure is modified
from ref (54). (B) Transverse view of the MCUnc from the top and bottom
perspective. Ca 2+ is located in the center of a pore in MCUnc.
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buried within the membrane (Baradaran et al., 2018; Fan et al.,
2018; Nguyen et al., 2018; Yoo et al., 2018). The DxxE motif, on
the top of the channel, drastically narrows it, causing the Ca 2+
channel to take the shape of an hourglass (Figure 4B). Within
the DIME motif, there are two carboxylate rings coming from
Asp and Glu, important for mitochondrial calcium absorption.
A smaller Glu ring serves as a selective filter to coordinate Ca 2+
only, whereas a larger Asp ring, acts for recruiting Ca 2+ and thus
boosting the Ca 2+ uptake efficiency (Figure 4B) (Baradaran et
al., 2018; Fan et al., 2018; Nguyen et al., 2018; Yoo et al., 2018).
In an acidic environment, MCU entrance is a good binding
pocket for the inhibitor. Ru360 inhibits MCU by binding to the
Asp ring and an adjacent serine residue and closing an ion
pore, which is impossible to enter Ca 2+ into an pore (Cao et al.,
2017). By competing with the inhibitor for MCU binding, MICU1
reduces Ru360 sensitivity of the uniporter (Paillard et al., 2018).
Furthermore, through close stacking interactions, the conserved
residues near the DxxE motif make the correct conformation to
make up the Ca 2+ filter, stabilizing the side-chain conformation
of Glu via hydrogen bonds (Yoo et al., 2018). The rigorously
conserved structures of the selectivity filter for Ca 2+ in multiple
species mean the consistent mechanism of Ca 2+ permeation.
A juxtamembrane loop (JML) at the exit of TMD regulates
the human MCU’s luminal gate (Wang et al., 2019). So, human
MCU has two gates for a Ca 2+ permeation: a Glu ring gate that
constitute Ca 2+ filter selectively (Figure 4B) and a luminal gate
that transport Ca 2+ into the mitochondrial matrix with adequate
amount (Wang et al., 2019).

FIGURE 4 I DxxE motif in MCUnc. (A) As seen from the top view, E358
on TMD2 coordinates Ca 2+ (shown in gray) in the DxxE motif of the
MCUnc. Each protomer of MCUnc, shown by the four different colors
(magenta, cyan, green, and yellow) and different label (A to D), is arranged in a 4-fold symmetric way and E358 is also arranged in same
way. So, E358 can selectively coordinate Ca 2+ ions in MCUnc. (B) The
upper panel depicts the conserved amino acid sequence which consists
mostly of the DxxE motif in MCUnc. A side view shows the arrangement of DxxE motif between two protomers A and C. Two Asps (D355 in
MCUnc) reside at the summit of each helix on TMD2 (red). Two Glu (E358
in MCUnc) coordinate the Ca 2+ (shown in gray circle) ion preferentially in
the middle. Not only the DxxE motif, but also the Tyr (Y362 in MCUnc)
are positioned at the bottom of the bulk of MCU films. These three amino acids separate three Ca 2+ permeation regions.
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Metazoan MCUs have detailed structural characteristics that
suggest a more complex physiological control, in addition to
having a large number of auxiliary subunits (Sancak et al., 2013;
Baradaran et al., 2018; Wang et al., 2019; Wang et al., 2020a).
Important physiological activities are supported by the complex
Ca 2+ uptake mechanism of mitochondria such as, the provision
of essential energy, aerobic metabolism, and a plethora of other
signaling pathways.

MICU1 AND MICU2: THE Ca2+ SENSORS OF MCU
HOLO-COMPLEX
Ma ny re s e a rc h g roup s have fou n d that MICU1 a n d /o r
MICU2 can inhibit MCU activity under a resting condition.
They efficiently inhibit the excessive Ca 2+ transport into the
mitochondrial matrix thereby avoiding reactive oxygen species
overload and protecting cells from apoptosis (Csordas et al.,
2013; Ahuja and Muallem, 2014; Kamer and Mootha, 2014;
Kamer et al., 2017). Further investigations into the architecture
of these regulatory systems will broaden our knowledge of
these processes.
Crystallography was used to determine the MICU1 structures
in both apo and holo phases (Figure 5) (Wang et al., 2014).
Ca 2+-free MICU1 has a hexameric structure, constituted as a
trimer of dimers. The presence of Ca 2+ make hexamer splits
into numerous oligomers. The MICU1 homodimers are packed
in an antiparallelly with face-to-face configurations (Figure 5).
However, in the Ca2+-free and Ca 2+-bound states, the interaction
patterns and buried regions are completely distinct from one
another. The MICU1 homodimer that is Ca 2+-free, has many
electrostatic interactions with a large, buried region, resulting
to make a tight homodimer (Figure 5). In contrast, the Ca 2+bound structure, shows strong hydrophobic interactions with
a small buried area, making a loosen homodimer (Figure 5)
(Wang et al., 2014). C-helices are involved in the transformation

FIGURE 5 I Apo and Ca 2+-bound human MICU1 structure. Crystal
structures of human MICU1 apo (left, PDB code: 4NSC) and Ca 2+-bound
(right, PDB code: 4NSD) forms. MICU1 is shown as a homodimer in its
crystal structure (each monomer is represented in cyan and yellow). Ca 2+
(gray circle) is bound in the EF-handed motifs of MICU1.
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of configurations and responsible to control of mitochondrial
Ca 2+ uptake. Deletion of the C-helix encoding part of the MICU1
gene, resulted in a misadjusted threshold as well as decreased
uniporter activity, thus highlighting its important functions
(Kamer and Mootha, 2014). In the absence of Ca 2+, MICU1
increases its association with the MCU, thereby inhibiting
Ca 2+ absorption. Once Ca 2+ uptake is coordinated, MICU1
dissociates from the MCU, leading to expose of the ion pore to
Ca 2+ (Petrungaro et al., 2015; Phillips et al., 2019). In fact, MICU1
homodimer has a gatekeeping function as well as a cooperative
activator under corresponding conditions (Wang et al., 2014;
Payne et al., 2017).
Although the three published MICU2 structures differ from
each other, all of them indicate folds in the structure, quite
similar to one another. However, the assembly patterns of
these structures are very different. Ca 2+-bound MICU2 has a
face-to-face conformation antiparallelly, while the assembly
patterns of Ca 2+-free structures are still under debate (Kamer
et al., 2019; Wu et al., 2019; Xing et al., 2019). These results
suggest that Ca 2+ -free human MICU2 and MICU3 (MICU2
paralog) have back-to-back topologies, but the Ca 2+-bound
MICU3 structure is assembled by face-to-face mode. MICU2
and MICU3 are believed to have the same dimer configurations,
which is opposite way to MICU1, perhaps meaning the various
aspects of MICU1 functionally (i.e., inhibitory function of MICU2
and MICU3 versus activation by MICU1) (Xing et al., 2019).
The structure of mouse Ca 2+ -free MICU2 is assembled by
the face-to-face mode, which is similar to human MICU1 and
Ca 2+-bound MICU2 (Kamer et al., 2019). MICU1 and MICU3
homodimer have similar interactions, despite the fact that the
packing patterns of the two differ. These interactions include
electrostatic and hydrophobic interactions both of Ca2+-free and
Ca 2+-bound forms. The choice of the smallest asymmetric unit
would affect the variations in the crystal packing. In fact, all the
obtained MICU structures may be arranged in a manner that is
diametrically opposed to the initial arrangement. Consequently,
the issue of which packing configuration is the most sensible
or pertinent arises. Ca 2+-bound MICU2 homodimer interacts
through the EF-hand motif, located in the interaction interface
packed a face-to-face antiparallelly. It is incontestable that the
packing pattern of Ca 2+-bound MICU2 exists, because the faceto-face packing makes a sense structurally (Wu et al., 2019). In
contrast, interaction sites in Ca 2+-free MICU2 homodimers have
been contested, making to ascertain the packing configurations
hard (Wu et al., 2019; Xing et al., 2019). Analogous to the
C-helix of MICU1, the stiff helix of MICU2 performs an essential
function in ensuring that the normal threshold is maintained
during the rest phases. A back-to-back configuration of the
MICU2 subunits is seen in the tetrameric MICU1-MICU2
complex (Wang et al., 2020b; Zhuo et al., 2021).
However, it is not possible to completely rule out the
existence of an alternative packing arrangement. Although
MICU1/2/3 are MCU modulators, they are distinct from one
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another functionally. This observation is consistent with the
conformational disparities between the three structures (Wu et
al., 2019; Xing et al., 2019). The structures of MICU2 are more
comparable to MICU3 than to MICU1; there are significant
conformational differences in the N-lobe of MICU2 when
compared to that of MICU1. Switching the N-lobes of MICU1
and MICU2 causes a switch in the roles that each subunit plays,
suggesting that these structural differences determine the
particular functions carried out by each MICU (Xing et al., 2019).
Each of the MICU1/2/3 have two classical EF-hand motifs;
however, upon Ca 2+ binding, the two EF-hand helices take to
transit conformations distinctly. When Ca 2+ binds to EF-hand 1,
the α-helices rearrange themselves from an antiparallel mode
to an essentially perpendicular mode. In contrast, EF-hand 2
demonstrates changes a conformation between the two forms
modestly (Wu et al., 2019; Xing et al., 2019).
Despite exhibiting distinct structural changes that are
mediated by Ca 2+ binding, each EF-hand motif maintains a
conventional pentagonal bipyramidal shape that contains seven
Ca 2+ coordination sites (Wu et al., 2019). Compromising the EFhand motifs keeps the MCU in an inhibitory state. Therefore, it
should come as no surprise that each EF-hand motif is crucial
and determines MICU1/2/3’s function (Payne et al., 2017). In
addition, while other divalent metal ions are capable of binding
to EF-hand motifs, they cannot be coordinated in the same
manner as Ca 2+, do they don’t make Ca 2+-like conformation in
EF-hand motifs (Grabarek, 2011; Senguen and Grabarek, 2012).
Therefore, the conformational changes in the EF-hand motifs
from the off to on state, caused by Ca 2+ binding, represent an
essential requirement for opening the ion pore (Kamer et al.,
2018).

EMRE: A SMALL, BUT ESSENTIAL PIECE OF THE MCU
HOLO-COMPLEX
EMRE is the 10-kDa sized protein encoded by the SMDT1
gene. Even if this protein has a single TMD, it is necessary to
make a channel active even in the presence of the MCU pore or
upon its overexpression (Sancak et al., 2013). MCU activation
by EMRE is mediated by the interaction of soluble areas and
TM helices of both the proteins (Tsai et al., 2016; Wang et al.,
2019). A second function of EMRE was discovered when the
binding of EMRE to the gatekeeper MICU1 was eliminated, by
deleting or charge neutralizing the carboxyl (COOH) terminus
of EMRE. This activated MCU channel and increased Ca 2+
uptake, suggesting that EMRE is essential for the channel
activity (Vais et al., 2016). In EMRE knockout (KO) mouse model,
mitochondrial basal metabolism was unaffected. Nevertheless,
mitochondria exhibited a reduced ability to absorb Ca 2+ and
resistance to mPTP opening.
Similar to MCU-KO mice, the heart of EMRE-KO mice was
not protected from ischemia/reperfusion damage (Liu et al.,
2020). The mitochondrial mAAA proteases, AFG3L2 and SPG7,
are responsible for the proteolytic regulation of EMRE. These
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proteases break down unassembled EMRE by utilizing the
energy released from ATP hydrolysis, and thereby maintain a
balance between MCU and EMRE.

CONCLUSION
In conclusion, the MCU is a unique channel that resides in the
IMM and is controlled by several factors, such as the cytosolic
Ca 2+ gradient, oxidants, pH, and ions. Even if the functional
role of MCU has been investigated since the 1960s, more
researches are still required to gain a better understanding of
how various factors control MCU activity, under physiological
and pathological conditions (Tomar et al., 2019). Concurrently,
it is essential to elucidate the transcriptional regulation of MCU
holo-complex proteins under such conditions (Shanmughapriya
et al., 2015; Shanmughapriya et al., 2018; Nemani et al., 2020).
Additional research on physiological roles of MCU might
provide new insights into the mechanisms of how MCU sense
s metabolic stress and how modifications of upstream Ca 2+ flux
channels, ion-dependent signals, and Ca 2+ homeostatic circuits
support cells in coping with the energy demand. Finally, the
MCU structure that are now accessible constitute an essential
starting point for the creation of novel small compounds,
which may either inhibit or promote MCU activity in a variety
of metabolic illnesses related to energy metabolism. However,
the available data have also shown that there are significant
anomalies in the suggested structural mechanisms involved
in the MCU regulation by their partners. Recently, MCU and
EMRE complex structure and MCU holo-complex structure
were published (Wang et al., 2019; Fan et al., 2020; Wang et
al., 2020a; Wang et al., 2020b). These structures make us
understand the role of each protein in MCU holo-complex
clearly. However, in this structure, there is the conformational
changes that no one had predicted, and we still don’t know
what this conformational change mean when they made the
holo-complex. So, Further research focusing to structural
changes involving the MCU heterocomplex components
between activation and inactivation events will be essential to
provide the complete picture of MCU regulation.
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