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SUMMARY

The mitochondrial uniporter is a Ca2+-selective ion-conducting channel in the in-
ner mitochondrial membrane that is involved in various cellular processes. The
components of this uniporter, including the pore-forming membrane subunit
MCU and the modulatory subunits MCUb, EMRE, MICU1, and MICU2, have
been identified in recent years. Previously, extensive studies revealed various
aspects of uniporter activities and proposed multiple regulatory models of mito-
chondrial Ca2+ uptake. Recently, the individual auxiliary components of the uni-
porter and its holocomplex have been structurally characterized, providing the
first insight into the component structures and their spatial relationship within
the context of the uniporter. Here, we review recent uniporter structural studies
in an attempt to establish an architectural framework, elucidating the mechanism
that governs mitochondrial Ca2+ uptake and regulation, and to address some
apparent controversies. This information could facilitate further characterization
of mitochondrial Ca2+ permeation and a better understanding of uniporter-
related disease conditions.

INTRODUCTION

Calcium is a vital second messenger in cells and is involved in almost all fundamental functions of life. Intra-

cellular Ca2+ homeostasis is the basis of normal physiological metabolism; excessive Ca2+ induces the

production of reactive oxygen species (ROS) and the permeability transition of the inner mitochondrial

membrane (IMM) to trigger apoptosis (Orrenius et al., 2003). Mitochondria are vital intracellular organelles

that regulate the spatial and temporal profile of cellular Ca2+ signaling (Graier et al., 2007). Mitochondrial

Ca2+ uptake is accomplished by a uniporter located in the IMM (Gunter and Pfeiffer, 1990; Kamer andMoo-

tha, 2015; Kirichok et al., 2004; Marchi and Pinton, 2014; Mishra et al., 2017; Rizzuto et al., 2012) that

participates in an array of cellular functions, including the maintenance of cellular Ca2+ homeostasis, mod-

ulation of cell death and survival, and stimulation of ATP production (Balaban, 2009; Denton, 2009; Duchen

et al., 2008; Murgia and Rizzuto, 2015; Orrenius et al., 2003). The Ca2+ uptake process is driven by the po-

tential difference across the IMM (Dcm, �180 mV) generated by the respiratory chain (Drago et al., 2011;

Nicholls, 2005; O’Rourke, 2007; Rizzuto et al., 2012). In contrast, mitochondrial Ca2+ efflux is achieved

mainly via the Na+/Ca2+ exchanger (NCLX), which mediates the exchange of 3 sodium ions per calcium

ion (Crompton et al., 1977; Palty et al., 2004, 2010); the H+/Ca2+ exchanger (LETM1), containing leucine

zipper and EF-hand (EF-hand is calcium-binding motif that is defined by its helix-loop-helix secondary

structure as well as the ligands presented by the loop to coordinate the Ca2+ ion. The designation ‘‘EF

hand’’ is derived from the structural orientation of the two a-helices (E and F) that form together with

the Ca2+-binding loop of 12 residues the highly conserved metal-binding consensus sequence) domains

(Jiang et al., 2009; Tsai et al., 2014); and the mitochondrial permeability transition pore (mPTP), which is

associated with the physiological functions of respiration and metabolism (Barsukova et al., 2011; Elrod

et al., 2010; Ichas et al., 1997; O-Uchi et al., 2014; Rasola and Bernardi, 2007).

The composition of uniporters has been identified over the past decade and includes the mitochondrial

Ca2+ uniporter (MCU) (Baughman et al., 2011; De Stefani et al., 2011), MCU regulatory subunit b (MCUb)

(Raffaello et al., 2013), essential MCU regulator (EMRE) (Sancak et al., 2013), and the mitochondrial Ca2+

uniporter protein 1/2 (MICU1 and MICU2) (Perocchi et al., 2010; Plovanich et al., 2013). MICU1 was the first

component identified through comparative physiology, evolutionary genomics, and organelle proteomics
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approaches; this protein resides in the mitochondrial intermembrane space (IMS) and contains two canon-

ical EF-hands (Perocchi et al., 2010) (Csordas et al., 2013; Mallilankaraman et al., 2012b). MCU is the core

transmembrane subunit of the uniporter and can self-assemble to form an oligomeric pore structure for

the transport of Ca2+ from the IMS to the matrix (Chaudhuri et al., 2013; Martell et al., 2012; Raffaello

et al., 2013). MCUb, a paralog of MCU, negatively regulates the Ca2+ uptake of the uniporter (Lambert

et al., 2019; Raffaello et al., 2013). EMRE is a metazoan-specific single transmembrane protein required

for the basal activity of the metazoan uniporter that can mediate the interaction between MICU1 and

MCU (Sancak et al., 2013; Tsai et al., 2016). Most interestingly, EMRE orthologs have been identified in chy-

trid fungi; these orthologs regulate MCU activity in a manner similar to EMRE in metazoans (Pittis et al.,

2020). MICU2 is a homolog of MICU1 and possesses two canonical EF-hands involved in modulating mito-

chondrial Ca2+ permeation in an MICU1-dependent manner (Kamer and Mootha, 2014; Patron et al., 2014;

Plovanich et al., 2013). MICU3 is another paralog of MICU1 that is specifically expressed in the central ner-

vous system (CNS) (Patron et al., 2019; Plovanich et al., 2013). MICU3 tunes the Ca2+ sensitivity of the MCU

to facilitate mitochondrial Ca2+ uptake in axons, which contributes to accelerated ATP production to sus-

tain the intricate metabolic function of neuronal cells (Ashrafi et al., 2020). In addition, mitochondrial cal-

cium uniporter regulator 1 (MCUR1) was originally identified as an essential uniporter component that

modulates uniporter Ca2+ uptake by interacting with MCU (Mallilankaraman et al., 2012a). Its ablation ab-

rogates mitochondrial Ca2+ uptake, disrupts oxidative phosphorylation, and decreases the production of

ATP to trigger autophagy (Mallilankaraman et al., 2012a). However, subsequent research clarified that

MCUR1 does not directly regulate MCU; instead, mitochondrial membrane potential is impaired under

the suppressive effects of MCUR1 (Paupe et al., 2015).

The cytosolic Ca2+ concentration ([Ca2+]c) must reach a high level (�5–10 mM) to stimulate mitochondrial Ca2+

uptake, a requirement that is believed to be due to the low inherent Ca2+ affinity (Kd �20–30 mM) of the uni-

porter, which inhibits Ca2+ conduction under resting conditions (Marchi and Pinton, 2014). The existence of mi-

crodomains linkingmitochondria with the ER offers a spatial basis for the aforementioned theory, given that the

[Ca2+] of microdomains can transiently reach a high level upon stimulation (Patergnani et al., 2011; Rizzuto et al.,

1998). However, electrophysiological experiments in mitoplasts have indicated that the selectivity filter of the

uniporter has an extremely high Ca2+ affinity with a Kd %2 nM and high Ca2+ selectivity (Kirichok et al., 2004),

but mitochondrial Ca2+ uptake can be independent of basal cytosolic fluctuations ([Ca2+]c�100 nM) (Csordas

et al., 1999, 2010; Giacomello et al., 2010). This apparent contradiction implies the existence of tight regulation

by auxiliary subunits (e.g., MICU1, MICU2, EMRE, etc.) in the Ca2+ uptake process, but this issue remains an

important open question (Boyman and Lederer, 2020).

To date, numerous functional studies have documented that MICU1 and MICU2 modulate the process of

Ca2+ permeation as gatekeepers. We summarize three representative regulatory models: (i) MICU2 inhibits

the channel under basal conditions as a negative regulator, and MICU1 cooperatively activates the MCU

pore at a high [Ca2+]c (Patron et al., 2014). MICU1 and MICU2 perform opposite functions in regulating

MCU activity and cooperate to fine-tune the mitochondrial Ca2+ uptake (Patron et al., 2014). (ii) The

MICU1 and MICU2 of the heterodimer set the threshold collectively to regulate Ca2+ uptake through their

individual and nonredundant functions. MICU1 can act independently as a gatekeeper, but the role of

MICU2 requires MICU1 (Kamer and Mootha, 2014). (iii) MICU1 mediates the gatekeeping and cooperative

activation of MCU independently, whereas MICU2 increases the threshold set by MICU1 and reduces the

[Ca2+] sensitivity for the cooperative activation of MCU (Payne et al., 2017). Additionally, the coordination of

3 or 4 Ca2+ ions by EF-hands is a prerequisite for triggering mitochondrial Ca2+ uptake (Payne et al., 2017).

These three regulatory models can be largely unified using an essential principle, i.e., the inhibition and

activation functions of MICU1 and MICU2 correspond to the apo and holo states of their EF-hands.

Thus, Ca2+ seems to be the crucial ‘‘key’’ to open the EF-hand ‘‘lock’’ of the MICU1-MICU2 gatekeeper

and activate the ion channel.

Over the past decade, extensive uniporter functional studies have been reported, illuminating different as-

pects of mitochondrial Ca2+ uptake. Our understanding of uniporter function and regulation has been

greatly augmented by recent structural studies of uniporters. These structures provided considerable

insight into the mechanism underlying Ca2+ uptake and regulation. In this review article, we focus on the

structures of the uniporter and related components to examine the regulatory mechanism underlyingmito-

chondrial Ca2+ uptake, and we outline unanswered questions for future study.
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STRUCTURAL CHARACTERISTICS OF UNIPORTER COMPONENTS

MCU structures in various species

MCU is the core subunit andperforms the pivotal functionof directly transportingCa2+ from the IMS to themito-

chondrial matrix, but its indiscernible sequence homology to the canonical calcium channel makes its structure

difficult to model (Bick et al., 2012). However, genome sequence analyses have demonstrated that MCU homo-

logs inmany fungal lineages are the exclusive component of the uniporter, defining theminimal genetic compo-

nent for mitochondrial Ca2+ uptake (Bick et al., 2012; Kamer and Mootha, 2015; Kovacs-Bogdan et al., 2014). In

some nonmetazoans, such as trypanosomes, the uniporter is composed of MCU, MCUb, MICU1, and MICU2

but lacks EMRE and MCUR1 orthologs and is thus simpler than that of mammalian cells (Docampo et al.,

2014; Lander et al., 2018). Thus, MCU orthologs of nonmetazoans represent a simplified system ideal for initial

structural investigations, which enticed structural biologists to focus on fungal MCU structures. In 2018, publi-

cations reported four fungal MCU structures that were determined by single-particle cryo-electron microscopy

(cryo-EM) or X-ray crystallography techniques in a resolution range of 3.1-3.8 Å (Baradaran et al., 2018; Fan et al.,

2018; Nguyen et al., 2018; Yoo et al., 2018). Undoubtedly, the solution of these structures not only provided in-

sights into MCU architecture but also marked an epoch in uniporter structure research. All four MCU homolog

structures feature homotetramers with almost indistinguishable conformations, highlighting their structural con-

servation (Figures 1A and 1B). Each protomer is segmented into three structural domains, namely, the N-termi-

nal domain (NTD), coiled-coil domain (CCD), and transmembranedomain (TMD) (Figures 1A and 1B) (Baradaran

et al., 2018; Fan et al., 2018; Nguyen et al., 2018; Yoo et al., 2018). Interestingly, fungal MCU structures show a

symmetry mismatch between TMDs and NTDs in which TMDs have a tetrameric configuration, while NTDs

exhibit approximately twofold rotational symmetry.

An MCU construct with deletion of the NTD (cMCU-DNTD) from Caenorhabditis elegans was the first structure

determined using a combination of nuclear magnetic resonance (NMR) and electronmicroscopy (EM) tools and

features a special bistratal pentameric architecture (Oxenoid et al., 2016). The structure of the pentameric cal-

cium channel provided both the first insight into the architecture of MCU and a structural basis for subsequent

investigations. The intact tetrameric structures of fungalMCUs represent the opening conformation of the chan-

nel that can transport Ca2+ independent of other auxiliary subunits, whereas the cMCU structure exhibits a

closed state with the bottom section blocked, likely due to the absence of EMRE (Oxenoid et al., 2016). These

different assembly patterns should not be attributed to fungi and metazoans of different species or to the NTD

deletion. The pentameric architecture has not been observed in subsequently determined metazoan MCU

structures, even in the MCU-DNTD from Homo sapiens and Tribolium castaneum, which feature the tetrameric

configuration (Baradaran et al., 2018; Wang et al., 2019, 2020a). Thus, the peculiar pentameric organization of

cMCU-DNTD currently stands as an ‘‘oddball.’’ Generally, NMR spectroscopy is suitable for the structural deter-

minationof low-molecular-weight proteins, but some largemembrane protein structures havebeen successfully

solvedusingNMR (Hiller andWagner, 2009; HuangandKalodimos, 2017; Popovych et al., 2009; Tugarinov et al.,

2005; Tzeng et al., 2012). Therefore, it is difficult to determine whether the discrepancy is caused by species

specificity or different analytical techniques; an additional high-resolution C. elegansMCU structure is needed

to solve this riddle. Multiple MCU structures from different species have revealed highly similar Ca2+ selectivity

mechanisms but variations in species-specific architectural arrangements, demonstrating both evolutionary

conservation and structural variability. Collectively, theseMCU structures have paved the way for understanding

the structural basis of Ca2+ transport and regulation. Given the structural complexity of the mitochondrial Ca2+

uptake system, in the following sections, we use the ‘‘divide and conquer’’ approach and discuss the NTD and

Ca2+ conduction domain in detail.

NTDs of MCUs

The NTD has been documented to specifically modulate MCU Ca2+ uptake from the mitochondrial matrix

and to act as a bridge connecting other subunits, such as MCUR1; however, the functional implications of

MCU-MCUR1 remain to be elucidated (Lee et al., 2015, 2016; Tomar et al., 2016). Significant discrepancies

exist in the structural assembly of NTDs between fungi and metazoans (Baradaran et al., 2018; Fan et al.,

2018; Nguyen et al., 2018; Wang et al., 2019; Yoo et al., 2018). The fungal NTD assembles in a dimer-of-di-

mers configuration with two interfaces, whereas the human (or zebrafish) NTD adopts a side-by-side

packing mode around the channel side similar to a crescent moon (Figures 1C and 1D), which completely

perturbs the symmetry of the Ca2+ channel (Baradaran et al., 2018; Fan et al., 2018; Nguyen et al., 2018; Yoo

et al., 2018). Strikingly, the new assembly pattern creates conditions favorable for channel dimerization by

NTDs mediated via abundant hydrogen bonding interactions (Figure 1C) (Wang et al., 2019). Moreover,

this pattern can strengthen the communication of two channels, which probably enhances the efficiency
iScience 24, 102895, August 20, 2021 3



Figure 1. Structures of mitochondrial Ca2+ uniporters from various species

(A) Structural alignment of MCU tetramers from various fungi. Fungal MCU structures feature a transmembrane domain

(TMD), coiled-coil domain (CCD), and N-terminal domain (NTD). Yellow ribbons represent the ion permeation channel.

(B) Structural alignment of MCU protomers from various species. Metazoan MCUs possess extra linker helix domains

(LHDs).

(C) Side view of the overall humanMCU-EMRE dimeric structure. Insets show the side and top views of NTDs in the human

MCU-EMRE complex.

(D) Structural alignment of the NTDs of MCUs from various fungi. The intermolecular interaction interfaces are indicated

by dotted boxes.

(E) Structural alignment of NTD protomers of MCUs from various species.

(F) Ribbon diagram of a DdNTD protomer.

(G) Structural alignment of Ca2+ selectivity filters viewed from the top. The curial residues are shown in stick

representation. Ca2+ ion is presented as a red sphere.

(H) Top view of the surface-rendered JML (luminal gate). The curial residues are shown in stick representation.

(I) The two Ca2+ conduction pathway gates (Glu ring and luminal gates) in human MCU. The curial residues are shown in

stick representation. Ca2+ ion is presented as a red sphere.
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of Ca2+ transport and reduces the response time upon stimulation. Despite the low sequence identity, NTD

protomers feature analogous structural folding containing abundant b-strands across species (Figure 1E),

except in theDictyostelium discoideum (Dd) NTD structure, which instead features abundant a-helices that

could represent a different and yet unknown regulatory mechanism (Figure 1F) (Baradaran et al., 2018; Fan

et al., 2018; Lee et al., 2015, 2016; Nguyen et al., 2018; Wang et al., 2019; Yoo et al., 2018; Yuan et al., 2020).

Therefore, NTDs exhibit considerable structural variability, probably due to the diverse modulatory mech-

anisms of the mitochondrial matrix in different species to adapt to varying physiological environments.

The NTD contains a negatively charged domain that can bind divalent cations with millimolar affinity, which

is considered to destabilize the self-assembly equilibrium (oligomers andmonomers) and disrupt uniporter

activity (Lee et al., 2016). The switch between oligomeric andmonomeric NTDs reveals a potential negative

feedback modulation mechanism in which a high [Ca2+]m inhibits MCU activity owing to the destabilization

of self-association (Lee et al., 2016; Yuan et al., 2020). Interestingly, the negatively charged patch was sub-

sequently identified as a matrix Ca2+ inhibition sensor that can even override the MICU1-MICU2-depen-

dent activation of MCU under Ca2+-binding conditions when this sensor is occupied (Vais et al., 2020). In

contrast, matrix negative feedback modulation strictly depends on the association between MICU1-

MICU2 and the channel, demonstrating the coupled Ca2+-regulated mechanisms inside and outside the

IMM (Vais et al., 2020). However, how the NTD contributes to Ca2+ uptake remains controversial. Rescuing

NTD-deficient MCU inMCU-silenced cells had a somewhat negative impact onmitochondrial Ca2+ uptake,

likely as a result of the destabilization of MCU self-assembly (Lee et al., 2015, 2016). In contrast, this func-

tional deficiency was not observed in a Ca2+ clearance experiment in permeabilized cells in which the

MCU_DNTD mutation did not impair the function of mitochondrial Ca2+ uptake (Oxenoid et al., 2016;

Wang et al., 2019). This discrepancy is likely attributable to differences in cell lines, experimental methods,

or detection sensitivity. Given that NTD deficiency destabilizes the dimerization of channels, it may influ-

ence the distribution of MCU on the IMM under resting conditions or on the inner boundary membrane

(IBM) upon stimulation (Gottschalk et al., 2019). In addition, the NTD acts as a mitochondrial matrix redox

sensor to regulate mitochondrial morphology and theMCU oligomerization state (Dong et al., 2017). These

various roles emphasize the significance of the NTD in modulating physiological functions.

Core ion-conducting domains of MCUs

The ion-conducting domain resembles a truncated pyramid with bistratal transmembrane sections that modu-

lates the transport of Ca2+ across the IMM (Baradaran et al., 2018; Fan et al., 2018; Nguyen et al., 2018; Wang

et al., 2019, 2020a; Yoo et al., 2018). This domain comprises a highly conserved DIME motif (DIME motif is a

conserved short stretch that linked the two transmembrane helices of MCU to face the intermembrane space),

two transmembrane helices (TM1 and TM2), and aCCDwith an internal hydrophilic ion cavity (Figure 1A). TM2 is

located inside the channel and mediates the formation of tetrameric ion conduction pores, whereas TM1 em-

braces the periphery of the channel embedded in the membrane (Figure 1G) (Baradaran et al., 2018; Fan et al.,

2018; Nguyen et al., 2018; Wang et al., 2019, 2020a; Yoo et al., 2018). The DIMEmotif resides on the neck of the

channel and sharply narrows the Ca2+ channel, resulting in an hourglass shape. The DIME motif possesses two

carboxylate rings that are crucial formitochondrial Ca2+ uptake. AGlu ringwith a narrow radius forms a selective

filter for specific Ca2+ coordination, while an Asp ring with a large radius provides an acidic environment for re-

cruiting Ca2+ to augment the efficiency of Ca2+ conduction (Figures 1G and Table 1) (Baradaran et al., 2018; Fan

et al., 2018; Nguyen et al., 2018; Wang et al., 2019, 2020a; Yoo et al., 2018). This appropriate size of the MCU

entrance in an acidic environment also provides a suitable binding pocket for the inhibitor. The most potent

inhibitor of the uniporter, Ru360, was found to bind the Asp ring and adjacent serine, blocking the entrance

of the ion pore (Cao et al., 2017); however,MICU1decreased the Ru360 sensitivity of the uniporter by competing

with the inhibitor for binding MCU (Paillard et al., 2018). Furthermore, the conserved rigid residues close to the

DIMEmotif stabilize the proper configuration of theCa2+ filter via close stacking interactions, rigidifying the side

chain conformation ofGlu via hydrogenbonds (Figure 1G) (Baradaran et al., 2018; Fan et al., 2018; Nguyen et al.,

2018; Wang et al., 2019, 2020a; Yoo et al., 2018). The strictly conserved structures of the Ca2+ selectivity filter in

various species demonstrate the uniformmechanism of Ca2+ permeation and provide structural safeguards for

Ca2+ selection.

Additionally, human MCU contains a distinctive luminal gate mediated by a juxtamembrane loop (JML) at

the exit of the transmembrane channel that performs a gating function to modulate Ca2+ release into the

mitochondrial matrix (Figure 1H) (Wang et al., 2019). Intriguingly, this motif is disordered in fungal MCU

structures and forms a considerably wider gate in beetle MCU, which may imply that this species does
iScience 24, 102895, August 20, 2021 5



Table 1. Structural data of the mitochondrial Ca2+ uniporter

PDB Species Components Methods Configurations

Asp ring

radius (Å)

Glu ring

radius (Å) Resolution (Å) References

5ID3 C. elegans MCU NMR, EM Pentamer �1.9 �3.0 – (Oxenoid et al., 2016)

6C5W Ma MCU X-ray Tetramer �4.0 �2.5 3.1 (Fan et al., 2018)

6D7W Nf MCU Cryo-EM Tetramer �4.0 �2.25 3.8 (Nguyen et al., 2018)

6DT0 Nc MCU Cryo-EM Tetramer �4.4 �2.4 3.7 (Yoo et al., 2018)

6DNF C. europaea MCU Cryo-EM Tetramer �3.9 �2.4 3.2 (Baradaran et al., 2018)

6O58 Hs MCU, EMRE Cryo-EM Tetramer �3.0 �2.0 3.6 (Wang et al., 2019)

6X4S Tc MCU, EMRE Cryo-EM Tetramer �4.5 �2.0 3.5 (Wang et al., 2020a)

6WDN Hs MCU, EMRE,

MICU1, MICU2

Cryo-EM Tetramer �3.2 �1.9 3.3 (Fan et al., 2020)

6WDO Hs MCU, EMRE,

MICU1, MICU2

Cryo-EM Tetramer �3.1 �1.6 3.6 (Fan et al., 2020)

6XQN Tc, Hs MCU, EMRE,

MICU1, MICU2

Cryo-EM Tetramer �4.5 �2.0 3.3 (Wang et al., 2020b)

6XJV Hs MCU, EMRE,

MICU1, MICU2

Cryo-EM Tetramer �3.5 �1.6 4.2 (Wang et al., 2020c)

6XJX Hs MCU, EMRE,

MICU1, MICU2

Cryo-EM Tetramer �3.5 �1.5 4.6 (Wang et al., 2020c)

6K7Y Hs MCU, EMRE,

MICU1, MICU2

Cryo-EM Tetramer �4.5 �1.8 3.6 (Zhuo et al., 2020)

Abbreviations: PDB, Protein DataBank; C. elegans, Caenorhabditis elegans; Ma,Metarhizium acridum; Nf, Neosartorya fischeri; Nc, Neurospora crassa; Ce, Cy-

phellophora europaea; Hs, Homo sapiens; Ts, Tribolium castaneum; NMR, nuclear magnetic resonance; Cryo-EM, cryo-electron microscopy; X-ray, X-ray crys-

tallography.
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not need constricted gate regulation (Wang et al., 2020a). Human MCU contains two Ca2+ gates, i.e., a Glu

ring gate to selectively filter Ca2+ and another gate serving as a luminal gate to ensure efficient Ca2+

permeation (Figure 1I) (Wang et al., 2019). In addition, metazoan MCU contains a linker helix domain

(LHD) (Figure 1B), which is arranged to form a flat bottom and terminate the soluble ion cavity (Wang

et al., 2019). This domain is also considered the ‘‘watershed’’ of the channel symmetry and asymmetry

and breaks the uniform configuration of the entire MCU. The specificity of LHD offers a flexible transition

for NTD side-by-side assembly and increases the conformational plasticity for channel dimerization. In

addition to possessing multiple auxiliary subunits, metazoan MCUs display intricate structural details

that imply more elaborate physiological regulation, including fundamental energy provision, aerobic

metabolism, and abundant signal pathways. Obviously, crucial physiological functions must depend on

and be supported by the sophisticated mechanism of mitochondrial Ca2+ uptake.
Structures of MICUs

MICU1 and/or MICU2 can inhibit MCU under resting conditions as gatekeepers and relieve inhibition with

increased [Ca2+]c (Ahuja and Muallem, 2014; Csordas et al., 2013; Foskett and Madesh, 2014; Kamer et al.,

2017; Kamer and Mootha, 2014; Mallilankaraman et al., 2012b; Patron et al., 2014; Vecellio Reane et al.,

2016). Their gatekeeping activity effectively suppresses excessive Ca2+ in the mitochondrial matrix to prevent

ROS overload and protect cells against apoptosis. Thus, analyses of their structures are anticipated to expand

our understanding of regulatory mechanisms. MICU1 structures were determined by crystallography at resolu-

tions of 3.2 and 2.7 Å in the apo and holo states, respectively (Wang et al., 2014) (Figure 2A). The Ca2+-free

MICU1 structure forms a hexamer packed as a trimer of dimers with the C-helixes bundled together. In the pres-

ence of Ca2+, the hexamerMICU1 transforms intomultiple oligomers (Wanget al., 2014). In the trimer of dimers,

MICU1 homodimers pack in an antiparallel mode with face-to-face configurations but feature entirely different

interaction patterns and buried areas in Ca2+-free and Ca2+-bound states (Wang et al., 2014) (Figure 2A). The

Ca2+-free MICU1 homodimer features abundant electrostatic interactions with a large buried area, resulting

in a tight homodimer, whereas the Ca2+-bound structure features strong hydrophobic interactions with a small

buried area, resulting in a loose homodimer (Wang et al., 2014) (Figure 2A). C-helixes contribute to
6 iScience 24, 102895, August 20, 2021



Figure 2. Structures of MICU homodimers and MICU1-MICU2 heterodimers

(A) Structures of MICU homodimers and MICU1-MICU2 heterodimers with relevant properties. FTF, face-to-face; BTB,

back-to-back; Hs, Homo sapiens; Mus, mouse.

(B) Structural alignments of MICU1 and MICU2 in both the Ca2+-free (left) and Ca2+-bound (right) states. The movement

directions of conformational shifts are indicated by arrows.

(C–E) Structural alignments of Ca2+-free and Ca2+-bound EF-hand 1 (top) and EF-hand 2 (bottom) in MICU1 (C), MICU2

(D), and MICU3 (E).

(F) Structural alignment of EF-hand 1 exiting a-helices in the MICU3 Ca2+-free and Ca2+-bound forms. The exiting

a-helices are displayed as long helices in the apo state, whereas they are broken into two short helices in the holo state.

(G) Structural alignment of Ca2+-free and Ca2+-bound MICU1-MICU2 heterodimers. Interaction interfaces I and II and the

movement of the conformational changes are indicated by dotted boxes and arrows, respectively.

(H) Close-up view of Ca2+-free MICU1-MICU2 electrostatic interface I. The crucial residues are shown in stick

representation.

(I) Electrostatic surface potential of Ca2+-bound MICU1-MICU2 hydrophobic interface II. The crucial residues are

presented in stick representation. The gradient shown is from �3 (acidic, red) to +3 (basic, blue) kT/e.
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configurational transformation and elicit functional regulation of mitochondrial Ca2+ uptake. Deletion of the

MICU1 C-helix resulted in a misadjusted threshold and impaired uniporter activity, illuminating the critical roles

of the C-helix (Kamer and Mootha, 2014; Wang et al., 2014). MICU1 enhances the interaction with MCU in the

absence of Ca2+, thereby inhibiting Ca2+ uptake and disassociating fromMCU upon Ca2+ coordination to acti-

vate the ion pore (Petrungaro et al., 2015; Phillips et al., 2019). In fact, the MICU1 homodimer can function as a

gatekeeper and cooperative activator under corresponding conditions independent of MICU2 (Kamer and

Mootha, 2014; Payne et al., 2017; Wang et al., 2014).
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Three MICU2 structures have been reported, revealing similar structural folds but large differences in assembly

patterns. Ca2+-boundMICU2 adopts a face-to-face configurationwith an antiparallelmode, whereas the assem-

bly patterns of Ca2+-free structures are controversial (Figure 2A) (Kamer et al., 2019; Wu et al., 2019; Xing et al.,

2019). Xing et al. proposed that Ca2+-free human MICU2 and MICU3 structures have back-to-back configura-

tions, whereas the Ca2+-bound MICU3 structure adopts the face-to-face assembly mode (Figure 2A) (Xing

et al., 2019). These authors considered MICU2 and MICU3 paralogs to possess the same dimer arrangements

opposite toMICU1, likely reflecting the different functional roles of MICU1 (i.e., inhibition of MICU2 andMICU3

vs. activation of MICU1) (Xing et al., 2019). Kamer et al. considered that the mouse Ca2+-free MICU2 structure

adopts the face-to-face assembly mode, which is the same configuration as MICU1 and Ca2+-bound MICU2

(Figure 2A) (Kamer et al., 2019). Despite the different packing patterns, the interactions observed in MICU1

and MICU3 homodimer structures are generally similar, featuring electrostatic and hydrophobic interactions

in the Ca2+-free and Ca2+-bound forms, respectively. The differences in packing are influenced by the selection

of the smallest asymmetric unit in the crystallographic lattice. Indeed, the opposite configurations can also be

found in all MICU structures. Therefore, the question of which packing arrangement is the most reasonable or

relevant emerges. The Ca2+-bound MICU2 packing pattern is indisputable since the interaction of the Ca2+-

bound MICU2 homodimer occurs through the EF-hand 1 motifs, which are located in the interaction interface

in the face-to-face antiparallel packing mode, making structural sense (Wu et al., 2019). In contrast, the interac-

tion sites of Ca2+-free MICU2 homodimers are controversial, making it difficult to determine the packing ar-

rangements (Wu et al., 2019; Xing et al., 2019). Similar to the C-helix of MICU1, the rigid helix of MICU2 plays

a vital role in maintaining the normal threshold under resting conditions (Kamer et al., 2019). To date, a back-

to-back configuration has been observed in the tetrameric MICU1-MICU2 complex and is the most likely

preferred configuration (as further elaborated in the following) (Fan et al., 2020; Wang et al., 2020c; Zhuo

et al., 2020). However, the possibility of the other packing configuration cannot be excluded.

MICU1/2/3 are homologous MCU modulators, but their functions are nonredundant, which is consistent with

the conformational differences among their structures. MICU2 structures are more similar to MICU3 but show

large conformational discrepancies in the N-lobe compared with MICU1 (Figure 2B) (Wu et al., 2019; Xing

et al., 2019). These structural differences dictate the specific functions of each MICU, as exemplified by the

fact that exchanging the N-lobes between MICU1 and MICU2 was found to switch their roles (Xing et al.,

2019). MICU1/2/3 possess two canonical EF-hands, but the two EF-hand helices undergo different conforma-

tional changes upon Ca2+ binding. The a-helices of EF-hand 1 are rearranged from an antiparallel mode to

an approximately perpendicular configuration upon Ca2+ binding, whereas EF-hand 2 exhibits minimal confor-

mational changes between the two forms (Figures 2C–2E) (Wang et al., 2014; Wu et al., 2019; Xing et al., 2019).

Despite displaying different structural changes, each EF-hand adopts the typical pentagonal bipyramid geom-

etry with seven Ca2+ coordination sites (Wang et al., 2014;Wu et al., 2019). Strikingly, each EF-hand is indispens-

able and dictates the functions of MICU1/2/3 because compromising the EF-hands caused MCU to remain in

the inhibition state (Kamer and Mootha, 2014; Payne et al., 2017). Moreover, other divalent metal ions can bind

EF-hands but cannot be coordinated in the same way as Ca2+, resulting in an apo-like state of EF-hands (Gra-

barek, 2011; Senguen andGrabarek, 2012). Thus, the conformational changes (from the off to the on state) in the

EF-hands induced by Ca2+ constitute an indispensable condition for activating the ion pore (Kamer et al., 2018).

Additionally, the exiting a-helix of EF-hand 1 inCa2+-freeMICU3 is longer than that inMICU1/2, but it bends into

a U-shaped structure upon Ca2+ binding (Figure 2F). This feature was not observed in MICU1/2. This specific

conformational change is attributed to a-helix instability because it contains a potential coiled-coil structure

in the middle; however, the implication of this structural property remains elusive.
Structures of the MICU1-MICU2 heterodimer

MICU1 and MICU2 form a tightly associated heterodimer to dictate the mitochondrial Ca2+ uptake threshold

under resting conditions. It is difficult to separate one from the other in individual functional investigations

owing to the tight relationship between MICU1 and MICU2. Thus, considering MICU1-MICU2 as a whole is

an effective strategy for research on mitochondrial Ca2+ uptake mechanisms. An earlier report indicated that

MICU1 interacts with MICU2 through a cysteine residue in each C-terminus by forming a disulfide bond in cells

mediated by the oxidoreductase Mia40 (Patron et al., 2014; Petrungaro et al., 2015). However, extensive subse-

quent experimental evidence demonstrated that MICU1 and MICU2 could form a stable heterodimer in the

absence of disulfide in vitro (Kamer et al., 2017; Li et al., 2016; Wu et al., 2019). Recently, MICU1-MICU2 hetero-

dimer structures were solved by X-ray crystallography, revealing a face-to-face antiparallel assembly (Park et al.,

2020; Wu et al., 2020). To date, three different heterodimer MICU1-MICU2 structures have been documented:

(1) Ca2+-free (Park et al., 2020; Wu et al., 2020), (2) Ca2+part-bound (partially Ca2+-bound, Ca2+ is bound to only
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two of the four Ca2+-binding sites) (Wu et al., 2020), and (3) Ca2+-bound structures (Fan et al., 2020; Wang et al.,

2020b, 2020c). The superimposed structures of Ca2+-free and Ca2+-bound MICU1-MICU2 heterodimers

demonstrate that Ca2+-bound structures are more compact than the apo form (Figure 2G). Ca2+ stabilizes

the MICU1-MICU2 complex, which is reflected not only in the structure but also by size exclusion chromatog-

raphy (SEC) and isothermal titration calorimetry (ITC) experiments (Kamer et al., 2017; Wu et al., 2019). All three

types of structures contain two interaction interfaces. Interface I mainly features electrostatic interactions in the

Ca2+-free form, whereas interface II is characterizedmainly by hydrophobic interactions in the Ca2+-bound form

(Figures 2H and 2I) (Park et al., 2020;Wu et al., 2020). Furthermore, partially Ca2+-boundMICU1-MICU2 features

the interface characteristics of both the Ca2+-free and Ca2+-bound forms in one structure, which very likely rep-

resents the transition state between apo and holo and illuminates the process of conformational changes.

The establishment of the Ca2+ uptake threshold byMICU1-MICU2 depends on their EF-hands or, more pre-

cisely, on their affinity for Ca2+ (Kamer et al., 2017). Strikingly, the Ca2+ affinities of the MICU1 homodimer

andMICU1-MICU2 heterodimer closely resemble the thresholds observed inMICU2 knockout cells (MICU1

homodimer acts as a gatekeeper) and wild-type cells (MICU1-MICU2 heterodimer acts as a gatekeeper),

respectively (Kamer et al., 2017). Therefore, Ca2+ affinities correspond to the mitochondrial Ca2+ uptake

threshold under corresponding conditions. Based on the findings described previously, the activation pro-

cess of mitochondrial Ca2+ uptake can be described as the process of a door opening in which Ca2+ is the

key, the EF-hands are the lock, the Ca2+-binding affinity is the ability to open the door, the MICU1-MICU2

heterodimer is the gatekeeper, and the conformational changes are the turning force required to open the

door. When [Ca2+]c exceeds the threshold (gain privilege), Ca2+ ions bind in the EF-hands (open locks) to

trigger conformational changes in MICU1-MICU2 (the driving force for opening the door), resulting in

dissociation of the heterodimer from MCU to activate the channel.

Recently, two small molecules, MCUi4 and MCUi11, which bind MICU1, were shown to act as negative reg-

ulators of MCU and to decrease mitochondrial Ca2+ uptake. However, the regulatory mechanism of these

inhibitors remains challenging to examine (Di Marco et al., 2020). As suggested by computational simula-

tions, the compounds could be accommodated comfortably in the middle groove between the two lobes

of MICU1, which are adjacent to EF-hand 1 of MICU1 (Di Marco et al., 2020). The binding of Ca2+ and the

triggering of conformational changes are two elements crucial for activating Ca2+ channels; however,

neither of the two inhibitors affects Ca2+ coordination. Thus, the inhibition of MCU is likely due to the com-

pounds impeding the conformational changes in the MICU1-MICU2 heterodimer. The specific regulatory

mechanism of the inhibitors needs further investigation, perhaps through determination of the different

conformations of MICU1-inhibitor complex structures.

The conserved polybasic sequence KKKKR (polyK) in MICU1 contributes to the interaction with the acidic

C-terminal tail of EMRE (Tsai et al., 2016). Recently, the alkaline groove, which consists of a polyK motif and

adjacent helices, was identified as the MICU1-EMRE interaction pocket (Wu et al., 2020). The subsequent

EMRE-MCU-MICU1-MICU2 structures show that the EMRE C-terminal tail extends to the alkaline groove

despite the lack of an intact tail structure, lending further support to the suggestion that the pocket is

the interaction site (Fan et al., 2020; Wang et al., 2020b, 2020c; Zhuo et al., 2020). Importantly, the C-termi-

nal peptide of EMRE was able to compete with endogenous EMRE and reduce the threshold of Ca2+ up-

take under resting conditions but showed minimal influence on the dynamics of Ca2+ conduction in

mitochondria, further substantiating the anchoring function of the EMRE C-terminus and the gatekeeper

role of MICU1-MICU2 (Wu et al., 2020). Moreover, the MICU1-EMRE interaction is Ca2+ dependent and

is facilitated in the presence of Ca2+ (Wu et al., 2020). However, the MICU1-MCU interaction is weakened

under this condition, completely opposite to the MICU1-EMRE interaction (Petrungaro et al., 2015; Phillips

et al., 2019; Wu et al., 2020). The fascinating contrast between the two interaction scenarios of MICU1-MCU

and MICU1-EMRE is informative for investigating the mechanism of mitochondrial Ca2+ uptake, which

could power the switching of MICU1-MICU2 inhibition and activation activities.
ARCHITECTURE OF THE UNIPORTER SUPERCOMPLEX

Structures of the MCU-EMRE subcomplex

EMRE is a metazoan-specific subunit that is absolutely required for activating MCU Ca2+ uptake in meta-

zoans, as evidenced by the inability of MCU to transport Ca2+ in EMRE-deficient cells (Sancak et al., 2013).

Thus, the MCU-EMRE complex structure is more informative than the single MCU structure for mechanistic

investigations of mitochondrial Ca2+ uptake. The MCU-EMRE subcomplex structure has been
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characterized by single-particle cryo-EM, revealing a V-shaped dimeric channel assembly pattern with an

NTD-mediated interaction (Wang et al., 2019). Four EMRE molecules surround the channel at its periphery

with an N-terminal b-hairpin implanted in the fenestration ion cavity (Figures 1C and 1I) (Wang et al., 2019,

2020a). As a result, the b-hairpin of EMRE acts on MCU to promote swelling of the ion cavity, probably

enabling the accommodation of more Ca2+ to increase the Ca2+ uptake efficiency. In addition, the strong

interaction between EMRE and MCU provides structural support for the luminal gate in an open state

(Wang et al., 2019). Very recently, it was reported that EMRE-dependent luminal gate opening was medi-

ated by the hydrophobic residue cluster within the MCU juxtamembrane domain (Van Keuren et al., 2020).

EMRE binding induced hydrophobic residues to move to the fenestration in a hydrophobic environment

and increased the diameter of the luminal gate through which Ca2+ is conducted (Van Keuren et al.,

2020). Moreover, the MCU-EMRE hydrophobic interaction increased the energy barrier of EMRE degrada-

tion by mAAA proteases (Konig et al., 2016; Patron et al., 2018; Tsai et al., 2017). Thus, EMRE andMCU sup-

plement each other to ensure mitochondrial Ca2+ uptake.

In addition to regulating the luminal gate, EMRE mediates the V-shaped dimerization of the MCU channel,

which features a curved transmembrane boundary due to the strong interactions of the N-termini (Fig-

ure 1C) (Wang et al., 2019). The curved-membrane dimeric MCU-EMRE assembly pattern presents a new

perspective on the Ca2+ channel architecture. The MCU-EMRE complex potentially resides on the upward

convex IMM (i.e., cristae junction) rather than the downward concave membrane (i.e., cristae membrane) to

accommodate its specific curve shape. Considering the IMM (consisting of the IBM and cristaemembranes)

localization of MCU and EMRE under resting conditions and their migration to the IBM upon agonist stim-

ulation (De La Fuente et al., 2016; Gottschalk et al., 2019), Ca2+ stimulates their localization changes. How-

ever, is the IBM localization of MCU and EMRE in Ca2+-stimulated cells related to the formation of dimeric

channels? Alternatively, does Ca2+ regulate dimeric EMRE-MCU channel assembly? Indeed, Ca2+ ions have

been observed in the dimeric channel structure, although the Ca2+ ‘‘incentive’’ hypothesis requires further

verification. The structural characterizations of the uniporter holocomplex detailed in the following section

provide vital insights into these questions.
Structures of the mitochondrial Ca2+ uniporter holocomplex

Multiple uniporter holocomplex (MCU-EMRE-MICU1-MICU2) structures have very recently been reported,

revealing their spatial assembly with an unexpected stoichiometry of 4:4:1:1 (Figures 3A and 3B) (Fan et al.,

2020; Wang et al., 2020b, 2020c; Zhuo et al., 2020). Strikingly, the supercomplex architecture provides new

insights into the MICU1-MICU2 gating process, establishing a framework for understanding the mecha-

nism underlying mitochondrial Ca2+ uptake. Similar to the MCU-EMRE structure, the four EMREs in the

supercomplex are located at the periphery of the MCU channel and anchor one MICU1-MICU2 hetero-

dimer (Fan et al., 2020; Wang et al., 2020b, 2020c; Zhuo et al., 2020). In the Ca2+-free state, MICU1 covers

the channel entrance of theMCUpore with extensive electrostatic interactions to impede Ca2+ conduction,

whereas MICU2 is located on the side of the channel with minimal interaction with MCU (Figure 3A) (Fan

et al., 2020; Wang et al., 2020b, 2020c). In the Ca2+-bound state, the MICU1-MICU2 heterodimer is ar-

ranged in a linear heterotetramer configuration with another heterodimer of the dimer channel to unblock

the MCU pore (Figure 3B) (Fan et al., 2020; Wang et al., 2020c). The structures in the two states provide

straightforward pictures of the closed and open states of the uniporter, which greatly enhanced our struc-

tural understanding of the gatekeeping and activation of the MICU1-MICU2 complex.

The Ca2+-free holocomplex structure reveals that MICU1 interacts with MCU via abundant electrostatic in-

teractions contributed by the alkaline domain in MICU1 and the Asp ring in MCU (Fan et al., 2020; Paillard

et al., 2018; Phillips et al., 2019; Wang et al., 2020a, 2020b). The C-terminal helices in MICU1-MICU2 display

a parallel packing mode with a pair of intermolecular disulfide bonds in the holocomplex, which also help

stabilize the MCU-MICU1 interaction (Fan et al., 2020). Moreover, the C-terminal helix in MICU1 exhibits

hydrophobic interactions with MCU, further elucidating the experimental results of reduced thresholds un-

der resting conditions and weakened interactions with MCU in C-helix deletion cells (Kamer and Mootha,

2014; Wang et al., 2014). Additionally, it has been reported that MICU1 phosphorylation at the N-terminal

region affects the maturation process and destabilizes the MICU1-MICU2 heterodimer, leading to

increased [Ca2+]m under basal conditions (Marchi et al., 2018). Based on the apo holocomplex structure,

the phosphorylation site is located in the interaction area of MCU-MICU1; thus, the steric and charge ef-

fects of the phosphate group probably weaken the MCU-MICU1 interaction under resting conditions,

possibly abolishing the gatekeeper function. The C-terminus of MICU1 can also be methylated by protein
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Figure 3. Structures of Ca2+-free and Ca2+-bound uniporter supercomplexes

(A) Side (left) and top (right) views of the Ca2+-free MCU-EMRE-MICU1-MICU2 complex structure.

(B) Side (left) and top (right) views of the Ca2+-bound MCU-EMRE-MICU1-MICU2 dimeric channel complex structure.

(C) Five types of MCU-EMRE-MICU1-MICU2 structural assembly under Ca2+-free conditions. (1) Predominant blocking

assembly. The MICU1-MICU2 heterodimer blocks the center of the monomeric MCU channel. (2) Monomeric MCU

channel with twoMICU1-MICU2 heterodimers attached, i.e., one blocking the center of the monomeric MCU channel and

the other tethered on the periphery of the ion channel. (3) The MICU1-MICU2 heterotetramer bridges the V-shaped

dimeric channel without blocking the ion pore, forming an O-shaped uniporter. (4) Two heterodimers block the two

central pores of the V-shaped dimeric channel. (5) Competition state of blocking and bridging assemblies. Two

heterodimers block the entrance of the channel, and a heterotetramer bridges the V-shaped dimeric channel. The

heterotetramer is moved to the margin of the dimeric channel owing to competition by the blocking assembly.
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argininemethyltransferase 1 (PRMT1), which has been documented to decrease Ca2+ sensitivity and reduce

uniporter activity compared with that resulting from unmethylated MICU1 under identical Ca2+ stimulation

conditions (Madreiter-Sokolowski et al., 2016). Although methylated MICU1 clearly affects Ca2+ binding

and decreases uniporter activity, the methylation site may strengthen theMCU-MICU1 interaction because

the site is located near the MCU-MICU1 interface in the apo holocomplex structure, which may be another

cause of reduced uniporter activity.

Strikingly, multiple configurations of the uniporter holocomplex were observed in the apo state, except for the

typical monomeric channel blocking state (Figure 3C, 1). For example, (i) twoMICU1-MICU2 heterodimers were

recruited in one MCU channel, with one heterodimer anchoring on the top surface of MCU to occlude the ion

pore and another tethering to the periphery of the MCU pore (only 2%) (Figure 3C, 2) (Wang et al., 2020b); (ii)

MICU1-MICU2 assembled into a heterotetramer to bridge the V-shaped dimeric channel, which is similar to

the holo form (Figure 3C, 3) (Wang et al., 2020c); (iii) two MICU1-MICU2 heterodimers blocked both centers

of the V-shaped dimeric channel (Figure 3C, 4) (Wang et al., 2020c); and (iv) in the most complicated configu-

ration, the competing mode, the MICU1-MICU2 heterotetramer bridged the dimeric channel and two

MICU1-MICU2 heterodimers occluded the top entrance ofMCU,which represents competition or the transition

state of the blocking and bridging assemblies (Figure 3C, 5) (Wang et al., 2020c). However, the nonmainstream

assembly patterns account for only a small percentage of cases, which can probably be attributed to conforma-

tional heterogeneity in addition to the major occlusion monomeric model.
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Notably, another recently determined uniporter structure reveals an O-shaped ring within the MICU1-

MICU2 heterotetramer bridging the dimeric channel in a presumably Ca2+-free form resulting from

EGTA (EGTA is a specific calcium ion chelator)-containing purification conditions (Zhuo et al., 2020). Sur-

prisingly, this structure exhibits the same assembly pattern as Ca2+-bound structures (Fan et al., 2020;

Wang et al., 2020c). Superimposing this heterodimer with the determinate apo and holo states shows

that its conformation is similar to the holo form but displays a large conformational discrepancy with the

apo form. In this case, although the Ca2+-chelating agent EGTA was added during the purification process,

the features of the EF-hand conformations and interaction interfaces were similar to those of the Ca2+-

bound form. This bewildering result was also observed in MICU2 and MICU1-MICU2 structures, in which

indisputable Ca2+ electron density was observed, even though 2mM EGTAwas added as a chelating agent

under crystallization conditions (Wu et al., 2019, 2020). Assuming that the resulting nonocclusion model in

the apo form was established, how can the inhibition phenomenon under basal conditions be explained?

How can the strong MCU-MICU1 interaction in the absence of Ca2+ be explained? Coincidentally, multiple

configurations in apo models observed in another report also contain this assembly (Wang et al., 2020c);

however, the resolution is too low to permit a detailed and meaningful structure alignment analysis.

Taken together, these results indicate that the MICU1-MICU2 gatekeeper occludes the entrance of the MCU

pore to inhibit Ca2+ transport under resting conditions and migrates to the periphery of the channel to activate

MCU under stimulation conditions. The sophisticated regulation in metazoan MCU reveals the precise and

multilevel modulation required in higher organisms to ensure rapid and effective responses to signals. Further-

more, these supercomplex structures provide a framework for understanding mitochondrial Ca2+ transport ac-

tivity and inspire the proposed regulatorymechanismmodels, including the Ca2+-dependent interaction switch

model, EMRE-dependent recognition probability model, and lever regulation model. These models demon-

strate the conceivable dynamic process of Ca2+-dependent MICU1-MICU2 activation and the possible

MICU1-MICU2-dependent gating mechanism, as elaborated in the following.

PROPOSED STRUCTURAL MECHANISTIC MODELS

Interaction switch model

The uniporter architectures offer many valuable hints for investigating the regulatory mechanism of theMICU1-

MICU2 heterodimer. However, the role of EMRE in anchoringMICU1-MICU2 is less clear. EMREwas regardedas

the bridging component connecting MICU1 with MCU in an earlier report (Sancak et al., 2013) and was consid-

ered to possess dual functions, including the activation of MCU and maintenance of the MICU1-MICU2 associ-

ation with Ca2+ channels (Tsai et al., 2016). Thus far, it is accepted that EMRE andMCU can interact with MICU1

under opposite Ca2+ conditions. MICU1 strengthens the interactionswithMCUor EMRE in the absence or pres-

ence of Ca2+, respectively (Petrungaro et al., 2015; Phillips et al., 2019; Wu et al., 2020). Thus, we proposed a

working model of an interaction switch in which MICU1 associates with MCU under resting conditions to inhibit

Ca2+ uptake and is converted to interact with EMRE upon increased [Ca2+]c to activate the channels (Wu et al.,

2020).Moreover, the interaction switches betweenMCU-MICU1 and EMRE-MICU1 reconcile the transformation

of the two opposite functions, i.e., gatekeeping and activation, and help rationalize the Ca2+ signal transduction

pathway of mitochondrial Ca2+ uptake.

Recognition probability model

Although EMRE is undoubtedly necessary for metazoan mitochondrial Ca2+ uptake, the stoichiometric ratio of

MCU and EMRE remains debatable. EMRE-MCU and uniporter holocomplex structures demonstrate that one

channel possesses four EMREmolecules symmetrically arranged around the pore. In another recent report, var-

iable numbers of EMREs in the MCU channel ranging from one to four were observed (Payne et al., 2020). The

gatekeeping function was strengthened as the number of EMRE molecules increased, and two EMREs were

considered appropriate in the physiological state to maintain the normal threshold (Payne et al., 2020). Consid-

ering the supercomplex structures and the finding of variable numbers of EMREs, we proposed a regulatory

model that helps reconcile the apparent confusion arising from the multiple EMREs and the single

MICU1-MICU2 heterodimer. As a tetramer, the MCU entrance plane displays fourfold symmetry, permitting

the MICU1-MICU2 heterodimer to interact in any of four orientations with the assistance of EMREs. More avail-

able interacting positions as a result of the increasing number of EMREs are coupled with the higher probability

of recognition and interaction between MICU1-MICU2 and MCU, as well as the higher gatekeeping efficiency

(Figure 4) (Wu et al., 2020). Thus, EMRE likely plays a guiding role in helping identify the appropriate binding

position of MICU1. Although this model seems to reconcile the mismatching number of MICU1-MICU2 and

EMRE perfectly, some questions remain. For instance, how is the most appropriate orientation of the MICU1-
12 iScience 24, 102895, August 20, 2021



Figure 4. Probability model of the MICU1-MICU2 heterodimer recognizing and interacting with the channel

This model reconciles the apparent disagreement between variable EMREs and a single MICU1-MICU2 regulator in one

channel. The entrance plane of the MCU channel possesses fourfold symmetry and allows MICU1 blocking in any of the

four orientations. EMREs act as guiders helping MICU1 recognize and interact with the channel. As the number of EMREs

increases from one to four, the recognition probability also increases from one-fourth to one, resulting in enhanced

gatekeeping activity and efficiency.
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MICU2 heterodimer determined given the fourfold symmetry? Are the four structurally equivalent orientations

also functionally equivalent? Why do organisms evolve redundant EMRE molecules if two molecules appear to

be sufficient for uniporter activities? Although the recognition/interaction probability model is plausible, our

knowledge of this model is currently restricted given the limited existing experimental data.
Lever regulation model

We currently have structural information regarding the beginning and ending states of the mitochondrial

Ca2+ uptake process owing to powerful cryo-EM techniques. However, the intermediate state(s) and tran-

sition process remain elusive. The MICU1-MICU2 heterodimer saturated with Ca2+ exhibited a slightly

bent conformation that is markedly more compact than the apo form (Fan et al., 2020; Wang et al.,

2020b, 2020c; Wu et al., 2020). If the heterodimer still maintains the obstruction assembly mode upon

Ca2+ binding, conformational changes in MICU1-MICU2 could lead to insertion of the hydrophilic region

of MICU2 into the membrane, a conformation that does not appear to satisfy thermodynamic require-

ments (Wang et al., 2020b, 2020c). An interesting lever regulation model was proposed in which

EMRE and the helix (CC2a) in the MCU coiled-coil domain act as two levers (Zhuo et al., 2020). At the

first level, EMRE is attached to the fenestration ion cavity and MICU1-MICU2 heterodimer (Figure 5).

At the second level, CC2a is attached to TM2 of MCU and EMRE b-hairpins (Figure 5) (Zhuo et al.,

2020). When Ca2+ ions are coordinated by EF-hands, both heterodimers are pried from the top of the

pore by the levers and move away from the channel entrance site as a result of rearrangement to a linear

heterotetrameric configuration (Figure 5). In addition, the interaction switches between MCU-MICU1 and

EMRE-MICU1 probably provide a driving force for this movement in response to Ca2+ signaling. This

double-level model provides a new perspective on the dynamic process of Ca2+ uptake.
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Figure 5. Lever model of MICU1-MICU2 heterodimers depicting the transition process between the blocked and

unblocked states

EMRE and the CC2a helix are the first and second levers with a pivot on the EMRE and the middle linker of CC2a and the

following broken helix (CC2b), respectively. In the first level, EMRE is attached to the fenestration ion cavity and MICU1-

MICU2 heterodimer via the N-terminal b-hairpin and C-terminal tail, respectively. In the second level, CC2a is attached to

TM2 of MCU and EMRE b-hairpins via the N-termini and Arg297 in the CC2a helix, respectively. When [Ca2+]c is increased,

the MICU1-MICU2 heterodimer disassociates from MCU and moves via lever actions, reassembling in a heterotetrameric

linear configuration. The pivot and acting forces of the levers are shown as black dots and correspondingly colored

arrows.
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CONCLUSIONS AND PERSPECTIVES

Here, we described the multicomponent structures of the mitochondrial uniporter and, by integration

with functional experimental results, we proposed and rationalized Ca2+ uptake and regulatory mecha-

nisms. Various MCU structures support the parallel Ca2+ permeation mechanism while revealing differ-

ences in structural domains and channel assemblies across species (Baradaran et al., 2018; Fan et al.,
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2018; Nguyen et al., 2018; Wang et al., 2019, 2020a; Yoo et al., 2018). The Ca2+-free and Ca2+-bound

modulatory subunit MICU1-3 structures reveal large structural discrepancies between MICU1 and

MICU2/3 and provide insights into gatekeeping regulatory models; however, the assembly patterns

remain controversial (Kamer et al., 2019; Wang et al., 2014; Wu et al., 2019; Xing et al., 2019). Three

different MICU1-MICU2 structural states demonstrate the conformational transition from the apo to

the holo state, clarifying the structural basis between gatekeeping and activation (Park et al., 2020;

Wang et al., 2020b; Wu et al., 2020). On the one hand, EMRE regulates the Ca2+ transportation luminal

gate by maintaining the opening of the juxtamembrane channel; on the other hand, EMRE triggers the

dimerization of MCU to form the V-shaped dimeric channel, providing a new perspective on the Ca2+

channel structure (Wang et al., 2019). Ca2+-free and Ca2+-bound MCU-EMRE-MICU1-MICU2 uniporter

holocomplex structures reveal gatekeeping and activation mechanisms through regulation by MICU1-

MICU2. The MICU1-MICU2 heterodimer blocks the channel entrance to inhibit Ca2+ permeation in the

apo state but moves toward the periphery of the channel to remove occlusion and rearranges to a linear

heterotetramer bridging the V-shaped dimeric channel in the holo state (Fan et al., 2020; Wang et al.,

2020c). These structural characterizations explain the Ca2+ conduction and gatekeeping activity of the

regulators, establishing a structural framework for understanding the functional mechanism of mitochon-

drial Ca2+ uptake.

The interaction switch mode betweenMICU1-MCU andMICU1-EMRE provides convincing insights into the

mechanism of transitioning between gatekeeping and activation, and the probability and lever models

offer additional and thought-provoking possibilities regarding more detailed regulatory features (Wu

et al., 2020; Zhuo et al., 2020). Notably, the probability and lever models are proposals based on the inte-

gration of available structural and functional analyses and need further investigation. Several regulatory

models illuminate the mechanisms of Ca2+ uptake in mitochondria from different perspectives. Although

functional and structural characterizations have made remarkable progress in recent years, several ques-

tions regarding the regulatory mechanisms remain unanswered. Currently, we still do not clearly under-

stand the endogenous stoichiometric ratio between EMRE and MCU. The MICU1-MICU2 heterodimer is

removed to the side of the pore when MCU is activated. How does MCU re-recruit the heterodimer as

the gatekeeper under resting conditions, given that they are far apart? What is the significance of the uni-

plex dimer because it is not necessary for uniporter Ca2+ uptake? Do the four EF-hands in the MICU1-

MICU2 heterodimer coordinate Ca2+ simultaneously or sequentially? If the latter, is there a hierarchical

or multilevel mechanism by which MICU1-MICU2 modulates Ca2+ uptake? Further studies are needed to

address these fundamental questions. In addition to its essential role in cellular processes, the mitochon-

drial Ca2+ uniporter has been closely linked to several human diseases, including neuromuscular disease

and neurodevelopmental disorders (Lewis-Smith et al., 2016; Logan et al., 2014; Shamseldin et al., 2017).

It is hoped that with increasing understanding of the structural basis of mitochondrial Ca2+ uptake, future

research may begin to focus on developing potential therapeutic interventions.
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