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Abstract
The versatility and universality of Ca2+ as intracellular messenger is guaranteed by the compartmentalization of changes in
[Ca2+]. In this context, mitochondrial Ca2+ plays a central role, by regulating both specific organelle functions and global
cellular events. This versatility is also guaranteed by a cell type-specific Ca2+ signaling toolkit controlling specific cellular
functions. Accordingly, mitochondrial Ca2+ uptake is mediated by a multimolecular structure, the MCU complex, which
differs among various tissues. Its activity is indeed controlled by different components that cooperate to modulate specific
channeling properties. We here investigate the role of MICU3, an EF-hand containing protein expressed at high levels,
especially in brain. We show that MICU3 forms a disulfide bond-mediated dimer with MICU1, but not with MICU2, and it
acts as enhancer of MCU-dependent mitochondrial Ca2+ uptake. Silencing of MICU3 in primary cortical neurons impairs
Ca2+ signals elicited by synaptic activity, thus suggesting a specific role in regulating neuronal function.

Introduction

Calcium (Ca2+) signals widely varies depending on the cell
type and the generating stimulus. This diversity is the
consequence of a tightly regulated Ca2+ signaling toolkit
that characterizes each cell and guarantees the realization of
precise cellular events [1–3]. Mitochondria are active
players in the regulation of Ca2+ dynamics thanks to dedi-
cated machineries controlling Ca2+ fluxes in and out

organelle [4]. Compartmentalization of Ca2+ signals on
one hand allows organelle-specific functions and on the
other provides a buffer that can shape cytosolic Ca2+ waves
[5–7]. Therefore, mitochondrial Ca2+ handling must be
intrinsically intertwined with global Ca2+ dynamics
and tuned to coordinate the accurate decoding of these
signals.

Ca2+ accumulation inside matrix is an electrophoretic
process governed by a structure named MCU complex [8],
while its efflux occurs by two different mechanisms, i.e a
Na+/Ca2+ exchanger (NCX) and a H+/Ca2+ antiporter
(HCX). In particular, NCX is mediated by NCLX [9], while
the molecular identity of HCX is still controversial [10, 11],
although Letm1 can play a role in this pathway [12–14].
The MCU complex includes components of the inner
membrane, namely MCU [15, 16], MCUb [17] and EMRE
[18], and regulators localized in the intermembrane space,
i.e. MICU1 [19] and MICU2 [20]. MCU represents the
Ca2+-permeant pore-forming subunit [15], while MCUb
acts as dominant-negative by inserting itself in the multimer
and inhibiting Ca2+ channeling activity [17]. EMRE is a
small protein necessary to form a functional MCU complex
in vivo, at least in vertebrates [18, 21, 22]. Finally, MCUR1
was reported to be a regulator of the MCU complex [23,
24], although it was also proposed to function as a COX
assembly factor, opening the possibility that the modulation
of MCU channel activity can be secondary to the respiratory
chain defect [25]. Recently, MCUR1 was shown to act as a
scaffold factor also for the MCU complex [26].
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MCU is gated by Ca2+ itself and shows low activity at
resting extramitochondrial [Ca2+] and it is activated when
[Ca2+] is in the micromolar range. Gating depends on a
family of EF hands containing proteins, the MICU family.
MICU1 is the prototypical member [19] and in several
organisms it represents the only component, while in ver-
tebrates two additional isoforms are present, MICU2 and
MICU3 [20]. MICU1 was described to act both as inhibitor
of MCU [27, 28], and as a cooperative activator [28].
Conversely, MICU2 has been shown to act mainly as a
channel inhibitor [29–31]. As to MICU3, its function is still
unknown. Importantly, MICU2 requires MICU1 to interact
with MCU [29, 31], suggesting that MICU1 represents a
common required platform for the physical association of
the whole family to the channel. In line with this, we and
others previously demonstrated that MICU1 and MICU2
are linked together through a disulfide bond [29, 32]. This
complexity allows the precise titration of each component in
order to fit the specific Ca2+ signaling profile of each cell to
the properties of the mitochondrial Ca2+ transport machin-
ery. However, the tissue-specific characteristics of the MCU
complex has been poorly investigated so far. Here we
address this point and describe the properties of a novel
tissue-specific MCU modulator, MICU3, that acts as a
highly potent stimulator of mitochondrial Ca2+ uptake.

Results

MICU3 is a tissue-specific MCU modulator

MCU activity widely varies among different tissues [33] to
fulfill different metabolic activity. We looked at mRNA
expression levels of all components of mitochondrial Ca2+

handling machinery. We used expression data from the
GTEx Consortium [34] for human samples and by the
ENCODE project [35] for cell lines. As shown in Table 1,
human MCU levels are generally low (blue and red indicate
low and high expression, respectively), while its associated
regulators are more abundant, probably reflecting different
stability at the protein level. Conversely, cell lines express
MCU at high levels, with the exception of CD20-positive B
cells. As to the tissue-specific differences, on one hand
MCU is surprisingly abundant in cerebellum and skeletal
muscle, despite an unexpected low expression of the Na+/
Ca2+ exchanger NCLX (i.e., the main efflux pathway). On
the other hand, MCUb, the negative MCU isoform [17], is
expressed in adipose tissue, blood and spleen. Most
importantly, some MCU complex components show a
tissue-specific signature, such as MICU3 that is expressed at
high levels in the central nervous system (CNS), which is in
line with previous reports [20, 36]. We thus looked at
MICU3, an uncharacterized MCU regulator. Its gene is

conserved in vertebrates, but it is absent in other organisms
where other components of the MCU complex are present,
with a conservation profile closely resembling to MICU2.
As to protein sequence, MICU3 shows a 34% similarity to
MICU1, 47% to MICU2 (while MICU2 is 41% similar to
MICU1), and possesses two EF hand domains and a
mitochondrial targeting signal. The only noticeable differ-
ence compared to the other members of the MICU family is
the presence of an additional domain (50 aa) in the central
part of the protein (Fig. 1a). We confirmed by qPCR that
also in mice MICU3 is expressed at high levels in the brain
(Fig. 1b) [20, 36].

As to the protein, MICU1 and MICU2 have been shown
to form dimers through a disulfide bond [29, 32]. We thus
performed immunoblot analysis of brain lysate in both
reducing and non-reducing condition. In reduced samples,
MICU3 runs at approximately 55 kDa (Fig. 1c), in line with
its predicted molecular weight. Conversely, in the absence
of reducing agents MICU3 migrates at approximately 100
kDa, in a band recognized also by an antibody against
MICU1 (Fig. 1c). In line with mRNA, HeLa cells show no
detectable MICU3, thus representing a suitable cell line for
its characterization. Indeed, ectopic expression of MICU3 in
these cells leads to the appearance of a 100 kDa species
detected by both MICU1 and MICU3 antibodies, suggest-
ing a heterodimerization of these two proteins.

MICU3 and MICU1 form a dimer through a disulfide
bond

We then expressed different combinations of all MICUs
(MICU1-HA, MICU2-Flag and MICU3-myc) in HeLa
cells. In non-reducing conditions, overexpression of
MICU1 alone leads to the appearance of a predominant 100
kDa band, corresponding to the MICU1 homodimer [29].
Conversely, when MICU2 or MICU3 are expressed alone,
the predominant species runs around 50 kDa, indicative of
monomers. Co-expression of either MICU2 or MICU3 with
MICU1 leads to the formation of the 95 or 100 kDa het-
erodimer, respectively. Most importantly, the co-expression
of MICU2 and MICU3 fails to generate any apparent high
molecular weight species, thus suggesting that no MICU2/
MICU3 dimer can be formed (Fig. 2a). We then performed
also co-immunoprecipitation experiments. Figure 2b
demonstrates that MICU1 can interact with itself, MICU2
and MICU3. Conversely, MICU2 can efficiently immuno-
precipitate MICU1, but not MICU3 (Fig. 2b), thus con-
firming that MICU1 acts as a required docking site for the
other family members.

As in the case of the MICU1/MICU2, also MICU1/
MICU3 interaction is likely to be mediated by a disulfide
bridge, since cysteine 515 is conserved among all MICUs
(see Fig. 1a). To test this, we generated an epitope-tagged
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Table 1 Expression of mitochondrial Ca2+ handling genes

Tissue MCU MCUB EMRE MICU1 MICU2 MICU3 NCLX

CNS - Average 2.6 0.8 14.6 10.1 7.1 4.8 1.8

Cerebellum 8.9 0.1 16.6 21.2 10.8 9.6 2.5

Cerebral cortex 1.2 0.5 13.6 9.9 5.1 4.1 1.5

Hippocampus 1.7 0.7 14.6 8.1 6.1 4.7 1.7

Hypothalamus 1.4 0.8 14.7 7.9 6.3 3.5 1.4

Spinal cord 1.5 2.1 14.1 7.0 8.8 3.8 2.3

Substantia nigra 1.2 0.6 14.2 6.4 5.5 2.9 1.7

Adipose tissue - average 2.8 3.5 11.0 6.0 5.4 2.1 4.3

Subcutaneous 3.1 3.7 11.1 6.2 5.3 2.5 5.1

Visceral 2.5 3.4 10.9 5.7 5.5 1.7 3.6

Arteries - average 3.9 1.6 12.4 6.7 5.0 3.1 3.4

Aorta 4.2 1.4 12.2 6.4 4.8 2.5 3.9

Coronary artery 3.5 2.0 12.2 5.8 5.1 2.9 3.5

Esophagus - average 2.6 1.4 10.9 4.3 4.0 1.1 2.6

Mucosa 3.2 1.5 9.5 3.0 4.3 0.3 2.8

Muscularis mucosa 2.0 1.3 12.3 5.7 3.7 1.8 2.4

Intestine - average 2.1 1.0 15.3 6.0 6.6 1.9 5.8

Peyer’s patch 3.8 2.2 13.0 5.7 6.2 0.7 4.9

Sigmoid colon 2.1 1.2 12.2 5.3 4.1 1.4 2.3

Transverse colon 5.0 0.9 10.4 4.8 5.2 0.4 3.5

Glands - average 2.1 1.0 15.3 6.0 6.6 1.9 5.8

Adrenal gland 1.3 0.3 9.6 10.1 6.2 1.0 12.6

Pancreas 2.1 0.4 18.0 3.9 6.0 1.3 4.7

Prostate gland 1.9 1.2 16.9 5.1 6.0 2.1 5.1

Thyroid gland 2.1 1.2 16.2 4.7 7.5 2.1 3.8

Blood 4.3 4.3 10.6 13.4 4.3 0.1 8.6

Breast 2.6 2.8 13.6 6.7 6.3 2.2 4.5

Heart (left ventricle) 0.8 0.4 6.9 3.0 4.2 0.4 1.0

Kidney (cortex) 2.3 0.5 11.7 5.2 6.1 0.7 3.4

Liver 1.2 0.2 8.1 6.0 3.0 1.4 2.6

Lung 4.8 2.5 12.2 8.1 6.0 1.7 6.2

Reproductive system - average 2.9 2.4 15.8 7.7 6.5 2.2 7.1

Skeletal muscle 4.2 0.2 10.7 5.4 4.1 0.3 0.8

Spleen 2.5 4.0 14.3 6.9 6.5 1.5 9.2

Tibial nerve 2.3 2.5 12.9 8.5 7.2 3.4 5.1

ENCODE cell lines MCU MCUB EMRE MICU1 MICU2 MICU3 NCLX

A549 18.1 2.5 2.1 6.9 3.6 0.8 0.8

CD20-positive B cell line 2.4 13.9 18.5 2.6 7.9 1.0 4.2

GM12878 3.5 7.2 4.4 2.7 5.5 0.0 0.4

H1-hESC 8.0 1.2 2.5 2.1 1.6 0.2 1.5

HMEC cell line 5.1 2.6 2.7 3.6 1.7 0.1 1.0

HUVEC cell line 6.5 2.9 4.7 3.8 1.7 0.3 4.0

HeLa-S3 14.6 2.6 2.1 2.9 3.4 0.0 1.2

HepG2 4.8 0.4 3.4 4.6 3.0 0.6 0.8

K562 5.0 0.4 1.8 4.6 2.5 0.0 1.1

MCF-7 6.1 2.6 3.5 3.6 7.7 0.0 0.7

NHEK cell line 10.1 2.3 1.8 2.5 3.1 0.1 0.9
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mutant (MICU3C515A-myc) and tested its ability to form
dimers. Then we expressed either wild type or the
MICU1C465A and MICU3C515A mutants and tested their
ability to form dimers. When expressed alone, they gave
rise only to the 50 kDa and 55 kDa bands of MICU1 and
MICU3, respectively. The same results, however, was
obtained when they were co-expressed with wild-type
counterparts, indicating that both cysteine residues are
necessary for the formation of the MICU1/MICU3
dimers (Fig. 2c). This notion was confirmed by co-
immunoprecipitation. HeLa cells were co-transfected with
epitope-tagged MICU1 and MICU3 moieties (MICU1-HA,
MICU3-myc and MICU3C515A-myc) and immunoprecipi-
tation was performed using MICU1-HA as bait. Cysteine
mutation in MICU3 destroyed its interaction with MICU1
(Fig. 2d).

Finally, we looked at the endogenous expression in pri-
mary cortical neurons. Figure 2e shows that in non-reducing
conditions, MICU1 occurs in two different species, one at
100 kDa and the other at 95 kDa. Due to the antibody lim-
itations, we could not detect endogenous MICU2. However,
we overexpressed either MICU2 or MICU3 and saw accu-
mulation of the lower or upper dimer respectively. This
demonstrates not only that the 100 kDa specie correspond to
the MICU1/MICU3 heterodimer and the 95 kDa specie
correspond to the MICU1/MICU2 heterodimer, but also that
both dimers are expressed in neurons at similar levels.
Overall, these data indicate that the MICU family exists in
three different configurations (the MICU1 homodimer, the
MICU1/MICU2 and the MICU1/MICU3 heterodimers) and
that in neurons the two latter species are present.

MICU3 potently enhances mitochondrial Ca2+

uptake

We then investigated the functional role of MICU3. In
HeLa cells, MICU3 expression potently stimulated mito-
chondrial Ca2+ rise evoked by stimulation with the IP3-
generating agonist histamine (Fig. 3a). Remarkably, not
only MICU3 can easily overtake MICU1 in terms of
absolute mitochondrial [Ca2+], but its effect is likely to be
underestimated due to probe saturation. We indeed tested
MICU3 expression in HEK293 cells, where mitochondrial
Ca2+ transients are inherently low. In this experimental

model, MICU3 expression causes a 10-fold increase in
mitochondrial Ca2+ transients (Fig. 3b), compared to the
3-fold increment provoked by MICU1 overexpression. To
better understand the extent of this activation, we performed
experiments in permeabilized HeLa cells perfused with a
fixed [Ca2+] buffer. After permeabilization, Ca2+ accumu-
lation was initiated by switching the perfusion buffer to IB
containing an EGTA-buffered [Ca2+] of 400 nM. In this
condition, mitochondrial Ca2+ uptake is only barely
detectable in control cells, since this value is near the
activation threshold [28]. Conversely, MICU3 expression
causes robust matrix Ca2+ accumulation (Fig. 3c).

Since our biochemical data indicate that MICU3 depends
on MICU1 for dimer formation, we wondered whether
this is true also in its function. We compared the effect of
MICU3 on mitochondrial Ca2+ transients evoked by low
histamine stimulation on both control and MICU1-silenced
cells. MICU3 has no effect in the absence of MICU1
(Fig. 3d), thus reinforcing the idea of MICU1 as a
necessary and common platform for all the members of its
family.

Finally, we asked if EF-hand domains in MICU3 are
necessary for its function. We compared the effect of wild
type and EF-hand mutant MICU3. As expected, MICU3EFmut

is not as effective as the wild type in enhancing MCU opening
(Fig. 3e). However, MICU3EFmut expressing cells still show
higher mitochondrial Ca2+ uptake compared to control, sug-
gesting that MICU3 intrinsically stimulates organelle Ca2+

entry, although the EF-hand domains plays a critical role.
To test if MICU3 can also work as gatekeeper, we

investigated MCU gating in unstimulated cells [29]. HeLa
cells were transfected with MCU alone or together with the
other MICU regulators and the resting mitochondrial [Ca2+]
was measured. Control cells show low mitochondrial Ca2+

levels, due to the presence of an endogenous gatekeeper.
However, overexpression of MCU alone leads to con-
stitutively elevated organelle Ca2+ levels, due to the
imbalanced overexpression of the channel without its
gatekeepers. As already demonstrated [29], only the con-
comitant overexpression of MICU1 and MICU2 can rescue
normal mitochondrial Ca2+ levels. Most importantly, the
co-expression of MICU1 and MICU3 fails to restore normal
organelle Ca2+ handling (Fig. 3f), thus indicating that
MICU3 has much lower, if any, gatekeeping functions.

Table 1 (continued)

Tissue MCU MCUB EMRE MICU1 MICU2 MICU3 NCLX

NHLF cell line 12.3 4.1 3.3 12.2 5.1 2.0 1.1

SK-N-SH 3.6 2.1 2.0 3.3 2.8 0.5 1.3

mRNA expression levels of MCU, MCUb, EMRE, MICU1, MICU2, MICU3 and NCLX in the indicated human tissues and cell lines. RNA-seq
data from the GTEx [34] and ENCODE [35] were normalized for mitochondrial content of each tissue/cell line
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Finally, we performed simultaneous imaging of cytosolic
and mitochondrial Ca2+ dynamics with high temporal
resolution. We transfected HeLa cells with two distinct

Ca2+ indicators, targeted to either cytoplasm (R-GECO1) or
mitochondrial matrix (4mtGCaMP6f). In control cells, his-
tamine stimulation triggers a rapid rise in [Ca2+]cyt,

Fig. 1 MICU3 is a tissue-specific MCU modulator. a Multiple align-
ment of human MICU1, MICU2 and MICU3 protein sequences.
Identical and similar residues are highlighted in dark and light blue
respectively. The predicted mitochondrial targeting signal is shown in
red. EF hand domains are shown in orange. The conserved cysteine
involved in dimerization is shown in yellow. b RNA was extracted
from Tibialis Anterior (Skeletal muscle), cardiac ventricles (Heart),
liver and whole brain of C57BL/6 mice and real-time PCR of MICU1,

MICU2 and MICU3 mRNAs was performed. The data were normal-
ized to the expression levels in skeletal muscle and are shown as the
average ± s.d. of two different animals. c HeLa cells were transfected
with the indicated constructs and harvested after 48 h. Total proteins
were extracted from cells or homogenized brains and subjected to
western blotting analysis with MICU1 and MICU3 antibodies. SDS-
PAGE was performed in the absence of DTT, except where indicated.
*indicates non-specific bands
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followed by an upstroke of [Ca2+]mt that is delayed of
approximately 300 ms, in line with previous reports [37]
and reflecting MCU activation kinetics (Fig. 3g).

Importantly, overexpression of MICU1 does not alter the
delay between mitochondrial and cytosolic Ca2+ rises,
despite of an overall increase of organelle Ca2+ uptake (see
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Fig. 3a). Conversely, this delay is shortened (160 ms) in
MICU3-expressing cells, indicating an anticipation of MCU
opening (Fig. 3g).

MICU3 sustains cytoplasmic Ca2+ rises triggered by
synaptic activity

We finally moved to a physiological relevant cellular con-
text. We first developed and validated shRNA targeting the
mouse isoforms of the different MICU proteins (Fig. 4a)
and expressing mCherry to identify knockdown cells. Then,
we cultured primary cortical neurons and monitored Ca2+

dynamics. We treated cells with the 4-aminopyridine (4-
AP), a K+ channel blocker, and bicuculline, a GABAA

antagonist. This protocol produces transient spikes in
cytosolic [Ca2+] triggered by the activation of synaptic
NMDA receptors [38, 39]. Here we measured cytosolic
Ca2+ dynamics with GCaMP6f and confirmed that treat-
ment with 4-AP/bicuculline triggers cytosolic Ca2+ oscil-
lations (Fig. 4b). In parallel, we monitored mitochondrial
Ca2+ dynamics using the same probe targeted to organelle
matrix and revealed that also [Ca2+]mt undergoes rapid and
transient rises, although with a longer transient (Fig. 4c).

We next investigated how MICU silencing impacts on
the amplitude of Ca2+ transients. In the case of mitochon-
dria, MICU2 silencing leads to an increase of organelle
Ca2+ uptake (60%). Conversely, MICU3 downregulation
causes a substantial decrease (30%) in the amplitude of
organelle Ca2+ transients. Finally, silencing of MICU1 has
marginal impact on the overall Ca2+ handling, although its
absence generates highly heterogeneous organelle Ca2+

responses (Fig. 4e). We next wondered how the altered

mitochondrial Ca2+ dynamics are decoded at cytosolic
level. Analysis of the amplitude of Ca2+ peaks in the
cytoplasm unexpectedly revealed that silencing of MICU2
increase Ca2+ entry (up to 80%). Conversely, down-
regulation of MICU3 suppresses the amplitude of Ca2+

oscillations by 35% (Fig. 4d). Apparently, this supports
the notion of a feedback inhibition of the synaptic
NMDA receptor mediated by localized mitochondrial
Ca2+ accumulation in a microdomain [40, 41]. Conditions
that enhances mitochondrial Ca2+ uptake (e.g.
MICU2 silencing) prevents the feedback inhibition of
plasma membrane channel and thus sustains Ca2+ entry
from the extracellular medium. Conversely, a condition that
inhibits the local Ca2+ clearance by mitochondria (e.g.
silencing of MICU3) anticipates channel closure thus lim-
iting cytosolic signals. If this hypothesis is correct, this
feedback inhibition should be overwhelmed by stimuli
provoking large and sustained Ca2+ rises. We thus measured
cytosolic Ca2+ dynamics elicited by other stimuli. We first
used glutamate (10 μM), i.e. a stimulus causing a large
(~10×) and sustained increase of [Ca2+]cyt (Fig. 5a). Using
this protocol, silencing of either MICU1, MICU2 or MICU3
does not cause any major difference. However, taking into
account only the neuronal soma (a cellular region where
mitochondria are more abundant), a tendency still persists.
Specifically, downregulation of MICU3 slightly decreases
cytosolic transients, while silencing of MICU2 increases the
amplitude of glutamate-induced Ca2+ rises (Fig. 5b). Con-
versely, in neuronal processes no differences could be
appreciated (Fig. 5c), thus reinforcing the idea that mito-
chondria can play a role in the local (but not global) control
of cytosolic Ca2+ signals. Finally, we used an additional
stimulus causing even larger Ca2+ mobilization (20mM
KCl). As shown in Fig. 5d, silencing of all the members of
the MICU family has no effect on the modulation of cyto-
solic Ca2+ handling.

Discussion

The identification of MCU [15, 16] provided the opportu-
nity to interrogate the role of mitochondrial Ca2+ uptake
through direct genetic approaches, but also raised new
intriguing biological questions. How is the MCU activity
controlled at the molecular level? Are there any cell-specific
differences in the composition of mitochondrial Ca2+

handling machinery? We here provide novel insights to
address these questions, by investigating the role of
MICU3, an uncharacterized MCU modulator. Analysis of
mRNA expression of all components of mitochondrial Ca2+

handling revealed significant differences among tissues
(Table 1), a notion supported by the direct measurements of
MCU currents [33, 42].

Fig. 2 MICU3 and MICU1 form a dimer through a disulfide bond. a
HeLa cells were transfected with the indicated constructs. HeLa cells
were harvested after 48 h of transfection, total proteins were extracted
and subjected to western blotting analysis with HA, Flag and myc
antibodies. SDS-PAGE was performed in the absence of DTT. b HeLa
cells were transfected with the indicated constructs. Flag-tagged chi-
meras were immunoprecipitated from whole cell lysate with a specific
agarose resin conjugated to a Flag antibody. The precipitated proteins
were immunoblotted with HA, Flag and myc antibodies. SDS-PAGE
was performed in the presence of DTT. c HeLa cells were transfected
with the indicated constructs. HeLa cells were harvested after 48 h of
transfection, total proteins were extracted and subjected to western
blotting analysis with HA and myc antibodies. SDS-PAGE was per-
formed in the absence of DTT. d HeLa cells were transfected with the
indicated constructs. HA-tagged MICU1 was immunoprecipitated
from whole cell lysate with a specific agarose resin conjugated to a HA
antibody. The precipitated proteins were immunoblotted with HA and
myc antibodies. SDS-PAGE was performed in the presence of DTT. e
Primary cortical neurons were transfected with the indicated con-
structs. Cells were collected after 24 h, total proteins were extracted
and subjected to western blotting analysis with MICU1, Flag, MICU3
and MCU antibodies. SDS-PAGE was performed in the absence of
DTT. * indicates non-specific bands
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Overall, if we look at the relative expression levels of the
components that positively (i.e. MCU, MICU1 and MICU3)
or negatively (i.e. MCUb and MICU2) regulate mitochon-
drial Ca2+ uptake, we will predict high Ca2+ accumulation in

brain and skeletal muscle and low in heart and spleen.
Remarkably, these observations are coherent with previous
reports [33, 43], although a careful assessment of mito-
chondrial Ca2+ fluxes in many tissues is still lacking. The
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MCU complex is notably abundant in the cerebellum, while
tissues containing immune cells display an overall compo-
sition of the MCU complex that should limit mitochondrial
Ca2+ accumulation, due to high MCUb expression. As to the
efflux pathway, the Na+/Ca2+ exchanger NCLX [9] is
unexpectedly expressed at low level in excitable tissues and
abundant in several glands, spleen and blood. This suggests
that mitochondrial influx and efflux pathways are indepen-
dently regulated at the transcriptional level, thus providing
an additional mechanism to expand the range of different
spatiotemporal Ca2+ signaling patterns that can be generated
within mitochondria. However, these conclusions must be
interpreted with cautions since mRNA and protein levels can
differ significantly. Unfortunately, reliable antibodies for all
the components of mitochondrial Ca2+ handling machinery
are still lacking.

However, when looking at the tissue-specific composi-
tion of the MCU complex, the most relevant trait is the
expression of MICU3 within the central nervous system.
Previous data [20, 36] and qPCR on mouse tissues (Fig. 1b)
confirmed that MICU3 is mainly brain-specific, although
recent work showed detectable MICU3 protein also in
skeletal muscle [44]. Other members of the MICU family
are known to be the key regulators of MCU gating [27–31,

45]. According to our hypothesis [29], MICU2 acts as a
genuine MCU inhibitor, thus providing the physiological
gatekeeping at low [Ca2+]. Conversely, MICU1 acts pre-
dominantly as a cooperative MCU activator at high [Ca2+],
although it also actively participates in MCU gatekeeping.
Indeed, on one hand MICU1 represents a common platform
for the interaction with MCU, and on the other, it still
retains partial channel inhibition at low [Ca2+] when
MICU2 is absent [28]. We here show that MICU3 exists in
a disulfide bond-mediated dimer (Fig. 2), where it acts as a
highly potent stimulator of MCU activity, with no gate-
keeping function (Fig. 3). Rather, the forced expression of
MICU3 can displace the endogenous MICU2, thus causing,
at least in part, the loss of the MICU2-dependent threshold.

From the biochemical point of view, MICU3 operates
similarly to MICU2. It uniquely forms heterodimers with
MICU1 and not with itself or MICU2 (Fig. 2). However,
MICU3 also represents the functional opposite of MICU2,
since its expression leads to a dramatic increase of mito-
chondrial Ca2+ uptake (Fig. 3). Interestingly, both MICU2
and MICU3 are conserved in vertebrates, while other organ-
isms possess only MICU1. In organisms with only one
component, MICU1 appears to serve the dual role of gate-
keeper and cooperative activator. During evolution, two novel
isoforms emerged, MICU2 and MICU3 with bona fide role of
inhibitor and activator of MCU, respectively. Through this
molecular complexity, the MICU family appears perfectly
tuned to finely shape the sigmoidal relationship between
MCU activity and extramitochondrial [Ca2+].

Accordingly, neuronal Ca2+ signals are generated by the
opening of plasma membrane channels, leading to an increase
of [Ca2+] that is normally low in amplitude and short. Con-
versely, for e.g., lymphocytes Ca2+ signals are mainly gen-
erated through the prolonged opening of capacitative Ca2+

influx, leading to a sustained increase of [Ca2+]. On the other
hand, mitochondrial Ca2+ levels must be carefully controlled
in order to both maximize the boost of oxidative metabolism
and minimize organelle Ca2+ overload. Even in this case,
energy requirements are likely to be higher for the brain
compared to other non-excitable tissues, although this
potentially endangers neurons to Ca2+-mediated cell death
[46]. In line with this view, we found that in neurons MICU3
is the only MICU isoform that upon silencing can effectively
decrease mitochondrial Ca2+ transients elicited by synaptic
activity (Fig. 4). Remarkably, MCU in neurons still retains an
activation threshold determined by MICU2, given that its
silencing leads to overwhelming mitochondrial transients.
Indeed, neurons simultaneously express both MICU1/MICU2
dimers, that ensure low vicious Ca2+ cycling in resting con-
ditions, and MICU1/MICU3 dimers, that anticipates MCU
opening (Fig. 3e), and instantly activate organelle Ca2+

uptake even in the presence of small and rapid cytosolic Ca2+

signals (Fig. 4c).

Fig. 3 MICU3 potently enhances mitochondrial Ca2+ uptake. a
[Ca2+]mt measurements in intact HeLa cells overexpressing MICU1,
MICU2 or MICU3 and challenged with maximal (100 μM) histamine
stimulation. The bar graph on the left shows the average ± s.d. of
[Ca2+]mt peak values, while the right panel displays representative
traces. b [Ca2+]mt measurements in intact HEK293 cells over-
expressing MICU1, MICU2 or MICU3 and challenged with maximal
(100 μM) ATP stimulation. The bar graph on the left shows the
average ± s.d. of [Ca2+]mt peak values, while the right panel displays
representative traces. c [Ca2+]mt measurements in control and MICU3-
expressing permeabilized HeLa cells perfused with 400 nM buffered
[Ca2+]. The left panel shows representative traces, while the bar graph
on the right shows the average ± s.d. mitochondrial Ca2+ uptake speed
expressed in μMol/sec. d [Ca2+]mt measurements in intact HeLa cells
co-transfected with pcDNA3.1 or MICU3 together with siRNA-
scrambled or siRNA-MICU1 and challenged with low (5 μM) hista-
mine stimulation. The right panel displays representative traces, while
the bar graph on the left shows the average ± s.d. of [Ca2+]mt peak
values. e [Ca2+]mt measurements in intact HeLa cells transfected with
control, MICU3 or MICU3EFmut-expressing plasmids and challenged
with maximal (100 μM) histamine stimulation. The right panel dis-
plays representative traces, while the bar graph on the left shows the
average ± s.d. of [Ca2+]mt peak values. f HeLa cells were transfected
with 2mtGCaMP6m together with the indicated constructs. After 24 h,
resting mitochondrial Ca2+ levels were evaluated through ratiometric
imaging of the mitochondrial targeted GCaMP6m. g Simultaneous
high speed imaging of [Ca2+]cyt and [Ca2+]mt in intact HeLa cells
overexpressing MICU1 or MICU3 and challenged with maximal
(100 μM) histamine stimulation. Representative traces and their rela-
tive magnification during Ca2+ increases are shown. The bar graph
shows the average time delay ± s.d. between the onset of cytosolic and
mitochondrial Ca2+ rises, as indicated by the double-headed arrows.
*indicates p < 0.01. n > 30, from at least three independent
transfections
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Fig. 4 MICU3 sustains cytoplasmic Ca2+ rises triggered by synaptic
activity. a HeLa cells were transfected with the indicated constructs.
HeLa cells were harvested after 48 h of transfection, total proteins
were extracted and subjected to western blotting analysis with HA,
Flag and myc antibodies. SDS-PAGE was performed in the presence
of DTT. b, c Mouse primary cortical neurons (PCN) were transfected
with either cytosolic (b) or mitochondrial targeted (c) GCaMP6f.
Time-lapse single-cell imaging was performed during the addition of
100 μM 4-Aminopyridine and 10 μM Bicuculline, as indicated. d PCN
were transfected with the cytosolic GCaMP6f together with short

hairpin RNA targeting MICU1, MICU2 or MICU3. After 24 h,
ratiometric imaging of GCaMP6f was performed. The bar graph shows
the average ± s.d. amplitude of cytosolic Ca2+ transients expressed as
ΔR/R0. e PCN were transfected with the mitochondrial targeted
GCaMP6f together with short hairpin RNA targeting MICU1, MICU2
or MICU3. After 24 h, Ca2+ imaging was performed as in b. The bar
graph shows the average ± s.d. amplitude of mitochondrial Ca2+

transients expressed as normalized fluorescence (F/F0). *indicates p <
0.05. n > 20 single neurons derived from four independent PCN
preparations
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Overall, how mitochondria can shape global Ca2+ signals
in neurons is still controversial and mixed results have been
obtained [40, 47]. Mitochondria can in principle act either as
passive buffers of global cytoplasmic [Ca2+] rises or as local
Ca2+ sponges, thus mediating Ca2+ sequestration in defined

cellular subdomains. Indeed, mitochondria positioning to
specific subcellular regions is critical for neuronal activity
[48, 49]. Consequently, mitochondrial could sustain Ca2+

entry from the extracellular space by locally sequestering
Ca2+ and thus delaying the Ca2+-dependent inactivation of
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plasma membrane Ca2+ channels [50–52], as also suggested
by previous reports [41, 53]. In line with this view, silencing
of MICU3 causes a decrease in the amplitude of [Ca2+]cyt
rises, while MICU2 downregulation exert the opposite effect.
Conversely, when high amplitude and sustained [Ca2+] ele-
vation are elicited, all these differences disappeared (Fig. 5).
Alternatively, this could be also due to different Ca2+ affinity
of the different MICU isoforms. For instance, the EF-hand
domains could saturate at diverse Ca2+ levels, thus limiting
MICUs activity within specific ranges of [Ca2+]cyt. Alto-
gether, our data indicate that modulation of mitochondrial
Ca2+ uptake impacts on the decoding of temporally and
spatially restricted Ca2+ signals elicited by synaptic activity
(Fig. 5e). However, we cannot exclude other potential
indirect mechanisms, such as impaired levels of ATP,
metabolites, ROS or expression of channels, pumps and their
regulators.

In conclusion, the primary role of MICU3 is to enhance
MCU opening in order to guarantee organelle Ca2+ uptake in
response also to small and fast increases of cytosolic [Ca2+].
This finding add another level of complexity to the regulation
of the MCU complex and further strengthen the potential
physiopathological role of the MICU family [54–57].

Materials and methods

Chemicals, cell culture and transfection

All chemicals were purchased from Sigma-Aldrich, unless
otherwise specified. Antibodies against MICU1 (WB,
1:1000), MICU2 (WB, 1:1000), MICU3 (WB, 1:1000),

MCU (WB, 1:1000) and myc (WB, 1:1000) were purchased
from Sigma-Aldrich. Antibodies against Flag (WB, 1:1000)
and HA (WB, 1:1000) were purchased from Cell Signaling.
Secondary, HRP-conjugated antibodies (WB, 1:5000) were
purchased from BioRad.

HeLa (ATCC Number: CCL-2) or HEK293A (Thermo-
Fisher Scientific) cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) (ThermoFisher Scientific), sup-
plemented with 10% fetal bovine serum (FBS) (Thermo-
Fisher Scientific) and transfected with a standard calcium-
phosphate procedure. For aequorin measurements, the cells
were seeded 24 h before transfection onto 13 mm glass
coverslips and allowed to grow to 50% confluence before
transfection. For imaging experiments, cells were seeded
24 h before transfection onto 24 mm glass coverslips and
allowed to grow to 50% confluence before transfection,
unless otherwise specified.

Mouse primary cortical neurons were prepared from p0-
p2 newborn C57BL/6J mice. Briefly, the brain cortex of
newborn mice was isolated and dissected using a stereo-
microscope and digested with trypsin at 37 °C. After two
digestion steps, cells were counted and seeded on poly-L-
lysine-coated glass coverslips. Neurons were cultured in
MEM (ThermoFisher Scientific), supplemented with 10%
Horse Serum (ThermoFisher Scientific), N2 supplement
(ThermoFisher Scientific), B27 supplement (ThermoFisher
Scientific), Sodium Pyruvate (ThermoFisher Scientific),
biotin, glucose, L-glutamine, penicillin and streptomycin
for 5 DIV before transfection. Neurons were transfected
with Lipofectamine 2000 (ThermoFisher Scientific),
according to manufacturer’s instruction. Experiments were
carried out 24 h after transfection.

Constructs and shRNAs

The following plasmids were used and are described else-
where: 2mtGCaMP6m [29, 58], 4mtGCaMP6f [59], mtAeq
[60], MICU1-HA [29], MICU1-Flag [29], MICU2-Flag
[29], MICU1C465A-HA [29], MCU-Flag [15], GCaMP6f, a
kind gift from Douglas Kim (Addgene plasmid # 40755)
and R-GECO1, a kind gift from Robert Campbell
(Addgene plasmid # 32444) [61]. The MICU3-myc chimera
was produced by gene synthesis (ThermoFisher Scientific)
using the coding sequence derived from NM_030110,
and cloned into pcDNA3.1. The MICU3C515A-myc mutant
was produced by site-specific mutagenesis using the fol-
lowing primer: 5′-AAGTATCCGACCTTCAAATCC
GCCCTGAAAAAGGAACTTCACAGC-3′. MICU3EFmut

(MICU3D238A-E249K-D476A-E487K) was produced by site-
specific mutagenesis using the following primers:

5′-TTTAGAATAGCTTTCAACATGTTTGCCACTGA
CGGAAATGAGATGGTGGATAAAAAAGCATTTTTG
GTGCTTCAGGAGATAT-3′ and 5′-TGAACACTGTCTT

Fig. 5 MICU3 has no impact on high amplitude Ca2+ signals. aMouse
primary cortical neurons (PCN) were transfected with the cytosolic
GCaMP6f probe. After 24 h, time-lapse imaging was performed and
glutamate and ionomycin were added when indicated. b, c PCN were
transfected with the mitochondrial targeted GCaMP6f together with
short hairpin RNA targeting MICU1, MICU2 or MICU3. After 24 h,
Ca2+ imaging was performed as in panel A. Resting, glutamate- and
ionomycin-induced Ca2+ rises were calculate in the cell soma (b) or in
the neuronal process (c) and shown as bar graphs of the average ± s.d.
ratio. d PCN were transfected as in panel B. After 24 h, time-lapse
imaging was performed and 20 mM KCl and ionomycin were added.
The bar graphs show the average ± s.d. ratio of cytosolic Ca2+ levels.
n > 25 single neurons derived from four independent PCN prepara-
tions. e Schematic representation of the proposed model. In neurons in
normal conditions (middle panel), the balanced expression of MICU1/
MICU2 and MICU1/MICU3 dimers ensures the efficient mitochon-
drial Ca2+ uptake during Ca2+ entry from plasma membrane channels.
Downregulation of MICU2 (right panel) causes the loss of normal
threshold and anticipates MCU opening thus causing exaggerated
organelle Ca2+ accumulation and prolonged opening of plasma
membrane Ca2+ channels. Conversely, loss of MICU3 (left panel)
leads to inefficient organelle Ca2+ uptake and local Ca2+ clearance,
thus accelerating the feedback inhibition of plasma membrane
channels
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CAAGATTTTTGCTGTTGACAAAGATGACCAATTAA
GTTATAAAGCATTTATTGGAATTATGAAAGACAG
A-3′). For shRNA plasmids, we started from the pZac2.1-
U6-shLuc-ZsGreen backbone described in [62]. ZsGreen
has been replaced with mCherry using the NheI and NotI
sites. The following sequences were then used to replace the
Luc-targeting hairpin: for shMICU1, 5′-GATCGGCTCTG
GATTCAGAGACAGAATTCAAGAGATTCTGTCTCT
GAATCCAGAGCTTTTTG-3′; for shMICU2, 5′-GATC
GGCTGCAGAAGATCATAAGTAAATTCAAGAGATT
TACTTATGATCTTCTGCAGTTTTTG-3′; for shMICU3,
5′-GATCGCCCATATTCTCCTGCGGTATATTCAAGA
GATATACCGCAGGAGAATATGGGTTTTTG-3′. In all
overexpression experiments, pcDNA3.1 was also trans-
fected in control conditions. Similarly, in all knockdown
experiments shLuc was used as control. All constructs were
verified by Sanger sequencing.

Co-immunoprecipitation

For co-immunoprecipitation experiments, HeLa cells were
grown in 10 cm Petri dishes and transfected with the indi-
cated constructs as described above. After 36 h, cells were
lysate in an appropriate volume of lysis buffer (125 mM
NaCl, 25 mM TRIS-Cl pH7.4, 1 mM EGTA-Tris pH 7.4,
0.5% n-Dodecyl β-D-maltoside, Complete EDTA-free
protease inhibitor mixture and PhoSTOP Phosphatase
Inhibitor Cocktail (Roche Applied Science)). Whole cell
lysate was precleared for 30’ with a control agarose resin
(Pierce). 1 mg of precleared proteins from the indicated
conditions was incubated with monoclonal αFlag or αHA
agarose-conjugated antibody (Sigma-Aldrich) and the co-
immunoprecipitation was performed following manu-
facturer instructions. After three 10’ washes in lysis buffer,
the bait was eluted in a non-reducing Laemli sample buffer
and denatured for 10’ at 90 °C. The precleared lysate (Input)
and the eluted fraction (CoIP) were separated by SDS-
PAGE, transferred to Hybond-C Extra membrane (Amer-
sham) and developed according to standard procedures. The
same membrane in each panel was stripped for 10’ in
StripABlot stripping buffer (Euroclone) and probed with
different antibodies as indicated.

SDS-PAGE and western blot

For protein extraction, HeLa cells and mouse primary cor-
tical neurons were grown on 10 cm Petri dishes and trans-
fected with the indicated constructs as described above.
After 24 or 48 h, cells were washed twice with PBS, col-
lected and resuspended in the appropriate volume of RIPA
buffer (125 mM NaCl, 25 mM TRIS-Cl pH 7.4, 1 mM
EGTA-TRIS pH 7.4, 1% Triton-X100, 0.5% sodium
deoxycholate, 0.1% SDS and Complete EDTA-free

protease inhibitor mixture (Roche Applied Science)) and
briefly sonicated. Crude extracts were centrifuged at
15000xg for 10’ to remove debris, and proteins in the
supernatant were quantified using the BCA Protein Assay
Kit (Pierce). 40 μg of proteins were dissolved in LDS
sample buffer (Life Technologies), heated for 10’ at 70 °C
and loaded on 4–12% Bis-Tris NuPage gels (ThermoFisher
Scientific). Where indicated, proteins were reduced with
100 mM DTT and denatured for 10’ at 90 °C, unless spe-
cified. After electrophoretic separation, proteins were
transferred onto nitrocellulose membranes and probed with
the indicated antibodies. Isotype matched, horseradish
peroxidase-conjugated secondary antibodies (BioRad) were
used followed by detection by chemiluminescence (Super-
Signal Pico, Pierce). Densitometry was performed using the
built-in function present in Fiji image processing package
based on ImageJ [63, 64].

Aequorin measurements

For measurements of [Ca2+]cyt and [Ca2+]mt, HeLa or
HEK293 cells grown on 13 mm round glass coverslips at
50% confluence were transfected with cytosolic (cytAeq),
mitochondrial (mtAeq), or low-affinity mitochondrial
(mtAeqMut) probes [65, 66] together with the indicated
siRNA or constructs. After 24 or 48 h, the coverslip was
incubated with 5 μM coelenterazine for 1–2 h in a Krebs-
Ringer modified buffer (KRB, in mM: 135 NaCl, 5 KCl,
1 MgSO4, 0.4 K2HPO4, 20 HEPES, 1 CaCl2, pH= 7.4), and
then transferred to the perfusion chamber. All aequorin
measurements were carried out in KRB. Agonists and other
drugs were added to the same medium as specified in the
text. The experiments were terminated by lysing the cells
with 100 μM digitonin in a hypotonic Ca2+-rich solution
(10 mM CaCl2 in H2O), thus discharging the remaining
aequorin pool. The light signal was collected and calibrated
into [Ca2+] values by an algorithm based on the Ca2+

response curve of aequorin at physiological conditions of
pH, [Mg2+], and ionic strength, as previously described
[65]. Alternatively, aequorin measurements were carried out
on a PerkinElmer EnVision plate reader equipped with a
two injector unit. Cells were transfected as described above
in 24-well plates and then re-plated into 96-well plates (1:5
dilution) the day before the experiment. After reconstitution
with 5 μM coelenterazine, cells were placed in 70 μl of KRB
and luminescence from each well was measured for 1 min.
During the experiment, agonist was first injected at the
desired concentration to activate Ca2+ transients, and then a
hypotonic, Ca2+-rich, digitonin-containing solution was
added to discharge the remaining aequorin pool. Output
data were analyzed and calibrated with a custom-made
macro-enabled Excel workbook. In the experiments with
permeabilized cells, a buffer mimicking the cytosolic ionic
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composition (IB) was employed: 130 mM KCl, 10 mM
NaCl, 2 mM K2HPO4, 5 mM succinic acid, 5 mM malic
acid, 1 mM MgCl, 20 mM HEPES, and 1 mM pyruvate
(pH 7) at 37 °C. IB was supplemented with either 100 μM
EGTA (IB/EGTA) or a 2 mM EGTA-buffered [Ca2+] of the
indicated concentration (IB/Ca2+). Calculated [Ca2+] free
was predicted with a custom-made Excel workbook and
confirmed fluorimetrically with the Fura2 free acid. HeLa
cells were permeabilized by a 1 min perfusion with 100 μM
digitonin (added to IB/EGTA) during luminescence
measurements. Mitochondrial Ca2+ uptake speed was cal-
culated as the first derivative by using the SLOPE Excel
function and smoothed for three time points. The higher
value reached during Ca2+ addition represents the maximal
Ca2+ uptake speed. All of the results are expressed as
means ± SD, and Student’s t test was used for the statistics.

Ca2+ imaging

For the measurements of basal [Ca2+] (Fig. 3f), cells were
transfected with 2mtGCamp6m probes [58, 67], together
with the indicated constructs. After 24 or 48 h, cells were
mounted in an open-bath custom made imaging chamber
and maintained in KRB. Imaging was performed on a Zeiss
Axiovert 200 microscope equipped with a 40 × /1.3 N.A.
Plan-NeoFluar objective. Excitation was performed with a
DeltaRAM V high-speed monochromator (Photon Tech-
nology International) equipped with a 75W xenon arc lamp.
Images were captured with a high-sensitivity Evolve 512
Delta EMCCD (Photometrics). The system is controlled by
MetaMorph 7.5 (Molecular Devices) and was assembled by
Crisel Instruments. Cells were alternatively illuminated at
474 and 410 nm and fluorescence was collected through a
515/30 nm band-pass filter (Semrock). Exposure time was
set to 200ms at 474 nm and to 400ms at 410 nm, in order to
account for the low quantum yield at the latter wavelength.
At least ten fields were collected per coverslip, and each field
was acquired for 10 s (1 frame/s). Analysis was performed
with the Fiji distribution of ImageJ. Both images were
background corrected frame by frame by subtracting mean
pixel values of a cell-free region of interest. Data are pre-
sented as the mean of the averaged ratio of all time points.

For the measurements of cytosolic and mitochondrial
Ca2+ dynamics after 4AP/bicuculline stimulation (Fig. 4),
mouse primary cortical neurons at 5 DIV were transfected
with 4mtGCaMP6f together with the indicated constructs.
After 24 h, primary neurons were mounted in an open-bath
custom made imaging chamber and maintained in KRB.
Cells were then stimulated by adding 10 μM bicuculline, an
antagonist of GABAA receptors, and 100 μM 4-aminopyr-
idine, a selective blocker of voltage-activated K+ channels
(Abcam). Imaging was performed on an Olympus IX71/
IX51 inverted microscope equipped with a xenon light

source (150W) for epifluorescence illumination, alter-
natively illuminated at 474 and 410 nm. Exposure time was
set to 200 ms at 474 nm and to 400 ms at 410 nm, in order to
account for the low quantum yield at the latter wavelength.
Images were collected with a digital camera using a ×40,
1.3 NA oil immersion objective (Olympus). Data were
acquired at 1 Hz and analyzed using CellR software
(Olympus). Analysis was performed with the Fiji distribu-
tion of ImageJ. Both images were background corrected
frame by frame by subtracting mean pixel values of a cell-
free region of interest. In the case of mitochondrial targeted
probe (4mtGCaMP6f), the fluorescence recorded at 410 nm
was too dim for a reliable quantification, and thus data are
provided as normalized fluorescence at 474 nm only (F/F0,
Fig. 4b,c). In the case of cytosolic sensor (GCaMP6f), higher
probe expression enabled sufficient signal intensity to per-
form ratiometric imaging (expressed as R/R0). For the
measurements of cytosolic Ca2+ dynamics shown in Fig. 5,
imaging was performed on a Zeiss Axiovert 200 microscope
equipped with a 40 × /1.3 N.A. Plan-NeoFluar objective.
Excitation was performed with a DeltaRAM V high-speed
monochromator (Photon Technology International) equip-
ped with a 75W xenon arc lamp. Images were captured with
a high-sensitivity Evolve 512 Delta EMCCD (Photometrics).
The system is controlled by MetaMorph 7.5 (Molecular
Devices) and was assembled by Crisel Instruments. Cells
were alternatively illuminated at 474 and 410 nm and
fluorescence was collected through a 515/30 nm band-pass
filter (Semrock). Exposure time was set to 150ms at 474 nm
and to 300 ms at 410 nm, in order to account for the low
quantum yield at the latter wavelength. Analysis was per-
formed with the Fiji distribution of ImageJ. Both images
were background corrected frame by frame by subtracting
mean pixel values of a cell-free region of interest. Data are
presented as fluorescence ratio (R, 474/410 nm).

For the analysis of the time delay between cytoplasmic
and mitochondrial [Ca2+] rises, HeLa cells were co-
transfected with 4mtGCaMP6f and R-GECO1, together
with control, MICU1 or MICU3 expressing constructs.
After 24 h, cells were mounted in an open-bath custom
made imaging chamber and maintained in KRB. Imaging
was performed on a Zeiss Axiovert 200 microscope
equipped with a 40 × /1.3 N.A. Plan-NeoFluar objective.
Excitation was performed with a DeltaRAM V high-speed
monochromator (Photon Technology International) equip-
ped with a 75W xenon arc lamp. Images were captured with
a high-sensitivity Evolve 512 Delta EMCCD (Photometrics).
The system is controlled by MetaMorph 7.5 (Molecular
Devices) and was assembled by Crisel Instruments. Cells
were alternatively illuminated at 490 and 565 nm and
fluorescence was collected through a dual band-pass filter
(520/40 and 630/60). Exposure time was set to 10 ms, EM
gain at 400, and images were streamed to an SSD using 2 × 2
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binning and 20 Mhz readout speed. The final frame rate was
50 images per second. Images were background corrected
and linear unmixing was performed to get rid of the residual
bleed trough of the two fluorochromes. Data are expressed as
F/F0 where F0 is the average intensity of the first 10 frames
of the experiment. The delay between the onset of cytosolic
and mitochondrial Ca2+ rises was measured by calculating
the time between a 50% increase over the baseline of F/F0 in
cytosolic and mitochondrial Ca2+ responses.

RNA extraction, reverse transcription and
quantitative real-time PCR

For the expression analysis of MICU1, MICU2 and MICU3
were used both different mouse tissues, as indicated. At
least 3 samples were prepared for each condition. Total
RNA was extracted from 30 mg of each mouse tissue using
the SV Total RNA Isolation Kit (Promega) following
manufacturer instructions. The RNA was quantified with an
Eppendorf Bio Plus photometer. Using an equal amount of
RNA from each sample, complementary DNA was gener-
ated with a cDNA synthesis kit (SuperScript II, Thermo-
Fisher Scientific) and analyzed by real-time PCR using the
SYBR green chemistry (ThermoFisher Scientific). The
primers were designed and analyzed with Primer3 [68].
Identity of the amplicons was confirmed by their dissocia-
tion profiles and gel analysis. Real-time PCR standard
curves were constructed by using serial dilutions of cDNAs
of the analyzed samples, using at least five dilution points
and the efficiency of all primer sets was between 95 and
105%. The housekeeping gene GAPDH were used as an
internal control for cDNA quantification and normalization
of the amplified products. Real-time PCR primer sequences
(5′–3′) were as follows:

mm-MICU1-fw: GTCGAACTCTCGGACCATGT
mm-MICU1-rv: GTGCTAAGGTGCAGGAGGTG
mm-MICU2-fw: TGGAGCACGACGGAGAGTAT
mm-MICU2-rv: GCCAGCTTCTTGACCAGTGT
mm-MICU3-fw: CGACCTTCAAATCCTGCCTG
mm-MICU3-rv: TCTGCGTGCTCTGACCTTAC
mm-GAPDH-fw: CACCATCTTCCAGGAGCGAG
mm-GAPDH-rv: CCTTCTCCATGGTGGTGAAGAC

RNA-seq and bioinformatics

RNA-seq data were retrieved from ArrayExpress
(http://www.ebi.ac.uk/arrayexpress/), expressed as Tran-
scripts Per Kilobase Million (TPM). The E-MTAB-5214
dataset [34] was used for expression analysis of human
tissues. The E-GEOD-26284 dataset [35] was used for
expression analysis of cell lines. Expression values were
then normalized across different tissues or cell lines taking
into account the relative abundance of nuclear-encoded

mitochondrial transcripts. To do this, we started from the
Mitocarta database [69], selected only proteins reported to
be expressed in all 14 tissues and excluded all transcripts
with TPM < 1. We then calculated the average TPM of this
subset of transcripts (approximately 450) and used these
values to normalize TPM values of our genes of interest.
Multiple alignment was performed starting from human
MICU1, MICU2 and MICU3 protein sequences using
MUSCLE [70]. Prediction of mitochondrial targeting sig-
nals was carried out using Mitoprot [71].

Statistical analysis of data

The data are presented as mean ± S.D. unless specified.
Significance was calculated by one-way (or two-way, where
needed) ANOVA test, and correlation analysis was per-
formed with the SigmaPlot 12.0 software (Systat Software
Inc.) or Excel (Microsoft).
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