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1. Introduction

As summarized in many reviews and other articles in this vol-
ume, mitochondrial Ca2+ homeostasis plays important roles in cel-
lular physiology. Ca2+ flux across the inner mitochondrial
membrane (IMM) regulates bioenergetics, cytoplasmic Ca2+

([Ca2+]i) signals and activation of cell death pathways [1–11].
Two features are essential for understanding mitochondrial Ca2+

(Ca2+
m) uptake. The first was provided by the development of the

chemi-osmotic hypothesis and recognition of the notably large
voltage across the IMM (DWm) generated by proton pumping by
respiratory chain components [12–16]. Although already recog-
nized that Ca2+ uptake is an electrogenic process driven by DWm

through a so-called uniporter [17–19], the demonstration that it
was mediated by a Ca2+ selective ion channel (MiCa [20] was the
second important insight. Whereas it had been previously assumed
that the Ca2+ flux through the uniporter was on the order of 104

ions per second, the measurements of MiCa revealed that the flux
could be more than two orders of magnitude greater [20]. Electro-
physiological characterization of MiCa also revealed another key
feature, notably that Ca2+ selectivity of the channel was ensured
by an extremely high affinity Ca2+ binding site (apparent Kd < 2 -
nM), with high flux through the channel due most likely, as it is
in plasma membrane voltage-gated ion channels, to multi-ion
occupancy of the pore with electrostatic repulsion between Ca2+

ions. Previously the uniporter was generally found to have a low
apparent Ca2+ affinity (10–70 lM) with variable cooperative acti-
vation by Ca2+ [21,22]. However, the properties of the uniporter
were mostly derived from studies of isolated mitochondria, where
the apparent low affinity must reflect, in part, experimental artifact
due to an inability to clamp the IMM voltage, and to perhaps the
properties of an additional Ca2+ binding site in the channel that
enables it to have high Ca2+ conductance over a wide range of
[Ca2+]. The notion that the uniporter has intrinsic low Ca2+ affinity
nevertheless persisted for the next decade, supported by two basic
observations. First, under resting conditions mitochondria have
matrix Ca2+ concentration ([Ca2+]m) �100 nM. At normal DWm

��180 mV, this concentration is 6 orders of magnitude lower than
expected if [Ca2+]m was able to equilibrate across the IMM through
the uniporter. It was assumed that the flux through the uniporter
was low because low-affinity channel Ca2+ binding sites could
not be occupied at resting [Ca2+]i. Second, it was found that ago-
nist-induced [Ca2+]i signals can be rapidly transduced to the mito-
chondrial matrix [23,24]. The reconciliation of low apparent Ca2+

affinity of the uniporter with this observation led to the proposal
that there exist local micro-domains of high [Ca2+]i at sites of close
apposition between sites of Ca2+ ER release and mitochondria.
These sites were subsequently shown to exist [23–30].

A low Ca2+ affinity of the uniporter was viewed as an intrinsic
channel property, whereas the electrophysiological studies sug-
gested that the Ca2+ affinity is in fact high [20]. Furthermore, the open
probability of the uniporter channel is nearly unity at normal Dwm

[20]. The high open probability and Ca2+ affinity of the uniporter pore
suggested that regulatory mechanisms extrinsic to the channel itself
must exist to limit its activity to prevent Ca2+

m overload in the face of
the large thermodynamic driving force for Ca2+ uptake.

MCU was identified as the likely ion-conducting pore of the uni-
porter [31,32]. Previously, MICU1 was identified as a protein that
localized to the IMM and was required for uniporter-mediated
Ca2+ uptake [33]. MICU1 and MCU biochemically interact, and their
expression patterns are tightly coupled across tissues and species
[31]. Additional components have now been identified that suggest
that MCU channel is a protein complex, as first suggested by Malli-
lankaraman et al. [34]. Thus, MCUR1 was identified as a membrane
protein that interacted with MCU but not MICU1, and was necessary
for MCU-mediated Ca2+ uptake [34]. A homolog of MCU named
MCUb was identified as a dominant-negative regulator of the chan-
nel [35]. MICU2 was identified as a paralog of MICU1 that was also
part of the uniporter complex [36]. Most recently, a single pass
membrane protein named EMRE was found to be necessary for
MCU-mediated Ca2+ uptake and MiCa currents and to mediate the
interaction of MICU proteins with MCU [37]. Here, we focus on MICU
proteins and their roles in MCU-mediated Ca2+ uptake into mito-
chondria, highlighting discrepancies, controversies and recent data.
2. MICU1

It was originally reported that MICU1 was required for MCU-
mediated Ca2+ uptake [33]. Some subsequent studies have also
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found that knockdown of MICU1 expression inhibits mitochondrial
Ca2+ uptake [38,39]. However, we found that MICU1 was not
required for MCU-mediated mitochondrial Ca2+ uptake. On the
contrary, we noted that loss of MICU1 lead to constitutive Ca2+

m

accumulation through MCU [40]. We observed that MICU1 expres-
sion provided a gatekeeper to limit MCU-mediated Ca2+ uptake,
establishing a threshold that prevents Ca2+ uptake in the low
[Ca2+]i regime that exists normally in resting cells, and that is expe-
rienced by mitochondria only in micro-domains of high [Ca2+]i.
Thus, at low [Ca2+]i <3 lM, MICU1 is required to minimize Ca2+ flux
through MCU. We found that MICU1 did not confer low apparent
Ca2+ affinity or cooperativity of MCU-mediated Ca2+ uptake at
higher [Ca2+]i. Thus, we suggested that MICU1 operated only in
the low [Ca2+]i regime. The observed gatekeeper function of MICU1
required each of its two Ca2+ binding EF hands, suggesting that
they provide a high-affinity [Ca2+] sensing mechanism that enables
MICU1 to exert its regulation. We suggested that MICU1 senses
matrix [Ca2+] since it inhibited MCU-mediated Ca2+ uptake only
when [Ca2+]m was low. We concluded that MICU1 is a gatekeeper
to limit MCU-mediated Ca2+ influx to prevent Ca2+

m overload and
its associated stress under resting conditions [40]. Undefined were
the mechanisms by which higher [Ca2+]i overcame this gatekeeper
function (Figs. 1 and 2).

More recent studies have questioned, extended and clarified
some of these observations and conclusions. Several groups subse-
quently confirmed that mitochondria in cells with MICU1 knocked
down were able to take up Ca2+ at low [Ca2+]i whereas control
mitochondria did not [41–43]. In agreement with Mallilankaraman
et al. [40] this was generally observed in the low [Ca2+]i regime
<�2–3 lM. Some studies failed to observe constitutively increased
basal [Ca2+]m in cells with MICU1 knocked down, in contrast to the
observations of Mallilankaraman et al. [33,41,42]. Furthermore, as
in the original description of MICU1 [33], several groups noted
blunted mitochondrial Ca2+ uptake in response to agonist-induced
endoplasmic reticulum (ER)-mediated Ca2+ release in cells with
MICU1 knockdown, again in contrast to observations of Mallilan-
Fig. 1. Schematic representation of the role of MICU1 in regulating MCU activity in ba
constitutively bound to Ca2+ at its two EF-hands in a conformation that suppresses MCU p
MCU and MCUb with unknown stoichiometry. MICU2 is included to account for data th
that it is necessary to mediate the interaction of MICU1 with MCU [37]. MCUR1 shown
karaman et al. Loss of function mutations in MICU1 cause brain
and muscle disorders in affected individuals [44]. In cells from
these patients, [Ca2+]m was found to be constitutively elevated,
and agonist-induced mitochondrial Ca2+ uptake was not inhibited
[44]. Similarly Patron et al. [43] found that mitochondria were con-
stitutively loaded with Ca2+ in cells with MICU1 knocked down.
These results from patient cells and the Patron et al. study are in
agreement with the original report of Mallilankaraman et al. but
contrast with those of others [33,41,42]. What accounts for dis-
crepant results in the various studies is not clear. It is possible that
compensatory mechanisms operated in some studies but not in
others. Thus, Csordás et al. [41] found that mitochondrial Ca2+ buf-
fering capacity was enhanced in MICU1 knockdown cells, although
no effect on buffering was observed in the studies of Mallilankar-
aman et al. [40]. Furthermore, as discussed below, altered expres-
sion in knockdown or over-expression studies can change protein
levels of other components of the uniporter channel complex,
and the magnitude of these affects may be cell type specific [39].

How does MICU1 regulate MCU activity? There have been dis-
agreements and new insights. First, the gatekeeper function of
MICU1 was observed by Mallilankaraman et al. [40] in the pres-
ence (intact cells) and absence (permeabilized cells) of cytoplasmic
Mg2+. In contrast, MICU1 lacked activity in the absence of cytoplas-
mic Mg2+ in the studies of Csordás et al. [41]. Second, Mallilankar-
aman et al. concluded that MICU1 operated only in the low [Ca2+]i

regime, <3 lM. At higher [Ca2+]i there were no differences
observed between control and MICU1 knockdown cells in the rates
of mitochondrial Ca2+ uptake or the apparent cooperativity of the
dependence of the rate of mitochondrial Ca2+ uptake on [Ca2+]. In
contrast, although Csordás et al. [41] also observed no differences
in mitochondrial Ca2+ uptake in [Ca2+]i >5 lM, they proposed that
MICU1 nevertheless plays a role in the apparent Ca2+ cooperativity
of MCU Ca2+ uptake. However, their data do not support such a
conclusion. Total steady-state Ca2+ uptake rather than uptake rates
were used in some calculations, and where Ca2+ uptake rates were
used, they were fitted assuming a single process, whereas two
sal conditions, according to [34]. MICU1 is localized to the mitochondrial matrix,
ermeability [34,45]. Here and in other figures, MCU refers to a channel composed of

at it hetero-dimerizes with MICU1 [36,39,43]. EMRE is included to account for data
because it is essential for MCU activity [34].



Fig. 2. Schematic representation of the role of MICU1 in regulating MCU activity during conditions of elevated [Ca2+]i, perhaps in microdomains at ER-mitochondria junctions,
according to [34,45]. The mechanisms whereby elevated Ca2+ overcome the gatekeeping function of MICU1 are unknown, but might possibly involve MICU2.
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[Ca2+]i regimes should have been considered. Thus, whether MICU1
is involved in cooperative activation by Ca2+ of MCU activity
remains to be resolved. Nevertheless, the conclusion that MICU1
may play an activating role at higher [Ca2+] received other support.
Thus, de la Fuente et al. [42] observed that MICU1 knockdown sup-
pressed the rate of mitochondrial Ca2+ uptake at [Ca2+] >5 lM. Fur-
thermore, as discussed in more detail below, Patron et al. [43] have
recently suggested that MICU1 is a direct activator of MCU.

Originally shown to be strongly associated with the inner mito-
chondrial membrane [33], MICU1 is predicted to have a transmem-
brane domain and it is relatively resistant to carbonate extraction
[41], suggesting that it might be an integral membrane protein.
Nevertheless, it is now generally believed to be a peripheral mem-
brane protein. Recent fluorescence recovery after photobleaching
(FRAP) measurements of tagged MICU1 showed that it had a higher
mobility than that of MCU, although the mobile fraction was only
40% [45]. Thus, in our opinion the environment(s) in which MICU1
resides remain to be further investigated. MICU1 contains two
canonical Ca2+ binding EF hands. The roles and location of the EF
hands are controversial. In the initial studies of Mallilankaraman
et al. [40], mutation of the EF hands phenocopied knockdown of
MICU1, suggesting that they play a role in inhibiting MCU activity
under basal conditions. The results implied that the EF hands are
Ca2+-liganded under resting conditions with high affinity (Fig. 1).
In contrast, Csordás et al. [41] claimed that the ability of MICU1
with non-functional EF hands to inhibit Ca2+ uptake was unaf-
fected. However, the data shown (their Fig. 3B) do not appear to
support such a conclusion. Furthermore, steady-state Ca2+ uptake
was measured, rather than Ca2+ uptake rates, which are necessary
to reach such conclusions. Thus, the notion that the EF hands play
no role in the gatekeeping function but are important for the coop-
erative activation by Ca2+ of Ca2+ uptake is in our view not well
supported by this particular study. Nevertheless, Kamer and Moo-
tha [39] also reported that the gatekeeper function of MICU1 in the
low [Ca2+]i regime was unaffected by mutating the MICU1 EF
hands. Remarkably, and in contrast to the other studies, EF hand-
mutated MICU1 blocked mitochondrial Ca2+ uptake even in the
high [Ca2+]i regime [39]. There is currently no model, including
those discussed below, that can account for this observation (see
Figs. 1–4). In contrast, Hoffman et al. [45] reported that MiCa cur-
rents were elevated in cells with MICU1 knocked down, and this
enhancement was phenocopied in cells expressing MICU1 with
both EF hands mutated.

Teleologically, one might expect the MICU1 EF hands to be
located in the matrix since, first, it interacts with MCU, which
has only minimal sequence exposure to the inter-membrane space
for protein–protein interactions, and second, because most known
Ca2+ channels are associated with mechanisms that sense Ca2+ that
has fluxed through the channel to provide feedback regulation.
Several approaches have been used to study this issue. Mallilankar-
aman et al. [40] used a pre-pulse protocol to load the mitochon-
drial matrix with Ca2+ to explore whether MICU1 sensed Ca2+ in
the matrix or in the inter-membrane space. They concluded that
MICU1 sensed [Ca2+]m (Fig. 1). Using a different functional protocol,
Csordás et al. [41] suggested that inter-membrane space [Ca2+] was
being sensed (Fig. 3). However, there are important caveats in both
functional assays. Biochemical approaches to this question have
nevertheless failed to provide a consensus, although the prepon-
derance of the data suggests an inter-membrane space localization
(Figs. 3 and 4). Using protease sensitivity assays in isolated mito-
chondria or mitoplasts, several groups have concluded that MICU1
is localized in the inter-membrane space [39,41,43,46]. On the
other hand, by imaging tagged mitochondrial proteins in plasma
membrane-permeabilized cells in response to outer and inner



Fig. 3. Schematic representation of the role of MICU1 in regulating MCU activity in basal conditions, based on data from [36,39,41,43]. MICU1 is localized in the inter-
membrane space with its EF hands unliganded, and bound to MICU2. MICU2 exerts an inhibitory effect on MCU activity [43].

Fig. 4. Schematic representation of the role of MICU1 in regulating MCU activity in during conditions of elevated [Ca2+]i, based on data from [36,39,41,43]. Ca2+ binding by the
EF hands causes a conformational change in MICU1 [46], activating MCU. It is unknown if MICU2 binds Ca2+ and/or undergoes conformational changes in high [Ca2+]i.
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membrane permeabilization, Hoffman et al. [45] concluded that
MICU1 behaved as if it was localized in the matrix. Protein interac-
tion studies have also resulted in conflicting conclusions. Hoffman
et al. [45] identified regions of protein interaction between MICU1
and MCU that included the matrix-localized domains of MCU. In
contrast, Patron et al. [43] found that mutations in the small loop
between the two transmembrane domains of MCU (therefore pos-
sibly accessible from the inter-membrane space) abolished the
interaction with MICU1. Hoffman et al. [45] found that a poly-basic
region in the MICU1 amino-terminus was important in the bio-
chemical interaction with MCU, whereas two other studies found
that the carboxyl-terminus of MICU1 is critical for the interaction
[39,46]. Interpretation of these conflicting studies is complicated
by the identification of EMRE and the finding that it is required
for the interaction of MCU with MICU1 [37]. Nevertheless, the car-
boxyl-terminus appears to be functionally important since expres-
sion of MICU1 lacking the carboxyl-terminal 31 amino acids distal
to the second EF hand abolished its ability to rescue the loss of
gatekeeping function in the low [Ca2+] regime [39]. Similarly, the
amino-terminal polybasic region also appears to be functionally
important, since gatekeeping, as measured by mitochondrial Ca2+

uptake in permeabilized cells and MiCa currents, was absent in
cells expressing MICU1 with the region mutated [45].

In summary, the localization of MICU1 is in our view an impor-
tant unanswered question. On the one hand, one model suggests
that MICU1 is localized in the matrix, sensing [Ca2+]m with both
EF hands ligated with Ca2+ under resting conditions, establishing
a brake on MCU that prevents mitochondrial Ca2+ overload under
resting conditions, and not operating at [Ca2+]i >�3 lM (Fig. 1).
To further complicate the matter, MICU1 binding to MCU appears
to be unaffected by Ca2+ [45]. On the other hand, a majority of
the data is consistent with a different model in which MICU1 is
localized in the inter-membrane space, with EF hands unliganded,
establishing a brake on MCU activity (Fig. 3). The first model does
not account for the ability of higher levels of Ca2+ to overcome
MICU1 inhibition (Fig. 2), whereas the latter can because it pro-
poses that elevated [Ca2+]i promotes binding of Ca2+ to the EF
hands to inhibit the brake function of MICU1 (Fig. 4).
3. MICU2

MICU2 is a paralog of MICU1 with 27% sequence identity that
also expresses two EF hands (notably, in humans and rodents nei-
ther is as canonical as the two in MICU1), is localized in mitochon-
dria, interacts with MICU1, and whose protein expression levels
are dependent upon MICU1 [36,39,43]. Importantly, this latter
observation suggests that previous studies in which MICU1 expres-
sion was manipulated were associated with, and therefore possibly
complicated by, altered expression levels of MICU2. In contrast,
knockdown of MICU2 did not affect levels of MICU1 protein
[36,39,43] in some cells but it did in others. MICU2 can be immu-
noprecipitated in a complex with MICU1 and MCU [36,39,43],
mediated by EMRE [37]. The presence of MICU2 in the complex
depends on the presence of MICU1, but not vice versa [39]. MICU1
and MICU2 can be co-immunoprecipitated in the absence of EMRE
[37]. Non-reducing polyacrylamide gel electrophoresis suggested
that a MICU1–MICU2 dimer predominates in vivo, although
MICU1-homodimers were observed when MICU2 was knocked
down [43]. Furthermore, it has been suggested that MICU2 cannot
homo-oligomerize [43]. Fluorescence resonance energy transfer
(FRET) studies suggested that MICU1and MICU2 physically interact
in vivo [43]. The proteinase sensitivity assays used to demonstrate
MICU1 localization to the inter-membrane space suggested a sim-
ilar localization of MICU2 [43]. Of interest, the interaction of
MICU2 with MCU (mediated presumably by EMRE) was abolished
in the presence of a MICU2 that could not oligomerize with MICU1
[43], suggesting that the dimeric MICU1–MICU2 complex is the
functional unit that interacts with EMRE. Thus, a scheme in which
MCU binds EMRE, which binds MICU1, which binds MICU2 has
been proposed [39] (Figs. 1–4).

As noted, MICU1 has been reported to homo-oligomerize
[43,45,46], whereas MICU2 cannot [43]. It was suggested that the
oligomerization involves the carboxyl-terminus [46] and con-
served cysteine residues in MICU1 and MICU2 [43]. Crystal struc-
tures of MICU1 revealed it to be a trimer of dimers in the
absence of Ca2+. Ca2+ induced large structural changes and resulted
in a mixture of oligomeric forms [46]. In the apo-form, the car-
boxyl-terminus was packed into the center of the hexameric struc-
ture, suggesting that it is important in the assembly of the
hexamer. Deletion of the carboxyl-terminus resulted in a predom-
inant dimer in both the Ca2+-bound and apo forms. Biochemical
studies of cells suggest that MICU1 exists as a dimer, with no evi-
dence for higher order structures. Thus, the role of the carboxyl-
terminus in mediating dimerization is at present unclear. Of note,
an oligomeric MICU1 without an amino-terminal polybasic
domain, which likely serves as a membrane anchor, is unable to
regulate MCU [45]. The observed structures may be influenced
not only by the mutations necessary for the crystallization and
crystal packing, but also by the absence of normal interaction part-
ners, including EMRE and MICU2. Therefore, the relevance of these
structures in vivo is not yet clear, and they raise important issues.
First, it should be noted that most studies have not examined
direct protein–protein interactions. Second, stoichiometries within
the channel complex remain unknown. MICU proteins have been
proposed to be dimers; MCU has been proposed to be a tetramer
[35], although direct evidence is lacking. The stoichiometry of
MCU, EMRE and MICU proteins in the functional uniporter channel
is unknown and critical to define. Furthermore, it is important to
determine if the stoichiometry is fixed, or if it is regulated or var-
iable among mitochondria from different tissues.

What is the role of MICU2? Knockout of MICU2 inhibited iso-
lated mitochondrial Ca2+ uptake in response to a high [Ca2+] pulse
[36], as well as the gatekeeping function observed in response to
low [Ca2+] in permeabilized cells [39]. Both effects were smaller
than those observed by knocking down MICU1 [36,39], which is
expected if MICU1 is required for MICU2 expression and if MICU2
has independent functions. In agreement, knockdown of both
MICU1 and MICU2 had an additive effect to inhibit Ca2+ uptake
(high [Ca2+] regime) in isolated mitochondria [36]. A similar exper-
iment to evaluate the effects of combined knockdown on the gate-
keeping function in the low [Ca2+] regime has not been reported. It
was suggested that MICU1 function does not require MICU2, but
that the converse was not true [39]. However, the data that pur-
portedly support this conclusion are confusing. MICU1 was unable
to rescue the gatekeeping function that was compromised in cells
lacking MICU2, whereas EF-hand mutant MICU1 could [39]. This
result – a gain of function of the EF-hand mutant - is difficult to
reconcile with either of the two models of MICU1 function dis-
cussed earlier. Interestingly, Patron et al. [43] also observed a
gain-of-function effect of this construct on agonist-induced mito-
chondrial Ca2+ uptake (high [Ca2+] regime). Expression of EF-hand
mutant MICU2 in a wild-type background completely blocked
MCU-mediated Ca2+ uptake even in high [Ca2+] [39], suggesting
that whereas its function may depend on the presence of MICU1,
it can exert a dominant-negative effect on MICU1.

Nearly all studies that have examined the roles of MICU pro-
teins have employed knockdown strategies. Notably, overexpres-
sion of MICU1 revealed a remarkably similar phenotype to that
of MICU1 knockdown. Thus, the [Ca2+]m in response to strong ago-
nist stimulation was similarly elevated whether MICU1 was over-
expressed or knocked down [43]. A similar phenotype was
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observed when MICU2 was knocked down, whereas its overex-
pression did not phenocopy the MICU1 knockdown effect [43]. This
result suggested that MICU1 is an activator of MCU, whereas
MICU2 is the gatekeeper. In this scheme, overexpression of MICU1,
by generating MICU1-homodimers in lieu of MICU1-2 heterodi-
mers, relieves MICU2-mediated inhibition, providing additional
stimulation and accounting for enhanced mitochondrial Ca2+

uptake in the high [Ca2+]i regime. In agreement, overexpression
of EF-hand mutated MICU1 did not potentiate agonist-induced
[Ca2+]m. In the low [Ca2+] regime, the absence of MICU2 in complex
with MICU1 in MICU1-overexpressing cells abolishes the gatekeep-
ing function conferred by MICU2, therefore causing elevated ago-
nist-induced [Ca2+]m in MICU1 knockdown as well as
overexpressing mitochondria [43]. Electrophysiological studies
provided support for such a model [43]. Purified MCU was incorpo-
rated into planar bilayer membranes, and purified MICU1 or
MICU2 was added. Addition of MICU1 protein (to which side of
the channel was not determined) had no effect on the channel
open probably in the absence of Ca2+. In contrast, it stimulated
channel open probability three-fold in the presence (which side
not specified) of 1 lM free Ca2+. Addition of MICU2 protein (to
which side of the channel was not determined) in 0-Ca2+ com-
pletely inhibited channel activity.

4. Conclusions

We [40] discovered that expression of MICU1 provided a critical
gatekeeping function that prevents Ca2+ influx through MCU
despite the presence of a considerable thermodynamic driving
force. This gatekeeping function establishes a threshold that pre-
vents mitochondrial Ca2+ uptake in the low [Ca2+]i regime that
exists normally in resting cells, and that is experienced by mito-
chondria only in micro-domains of high [Ca2+]i. This function pre-
vents mitochondrial Ca2+ overload, which when absent, in vitro or
in patients, has detrimental consequences. Subsequent studies
have confirmed this finding, but the mechanism has become more
clarified and complicated. Thus, MICU2 has been proposed to be
the true inhibitor of the MCU channel, with MICU1 playing a gate-
keeper role indirectly, by hetero-dimerizing with MICU2 to, pre-
sumably, bring it into proximity to MCU to exert its inhibitory
effects [43]. This scheme will be strengthened by data that address
the mechanism by which MICU2 interacts with the channel and
inhibits its activity. The inhibitory action does not appear to
require the EF hands of MICU2. This is interesting since, as noted,
the human and rodent MICU2 EF hands are not canonical: the crit-
ical glycine at position 6 is replaced by a glutamic acid residue in
both EF hands. This may suggest that they do not bind Ca2+. Future
studies are required to determine the Ca2+ binding and structural
features of MICU2. In addition, biochemical, structural and func-
tional studies are required to understand how EMRE mediates
the interactions between the MICU proteins and MCU in different
[Ca2+] regimes. It is notable that EMRE is necessary for MCU activ-
ity in intact mitochondria, whereas purified MCU in bilayers is nev-
ertheless functional [32,43]. This raises the question of whether
the effects of purified MICU proteins on MCU activity observed
in vitro fully recapitulate those in situ. Although most of the pub-
lished data suggest that MICU1 and MICU2 are localized specifi-
cally to the inter-membrane space, in our view, the pool of Ca2+

that is being sensed by MICU1 is not yet fully resolved, and may
require approaches different from those employed to date.
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