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Abstract

Mitochondrial ATP production dynamically adapts to cellular energy de-
mands, with calcium (Ca’*) playing a crucial regulatory role. In this review,
we critically evaluate the evidence for intramitochondrial Ca?* ([Ca’*],,)
sensitivity in key energy metabolic pathways, highlighting the [Ca’*],, de-
pendence of specific mitochondrial systems. We also address the metabolic
consequences of [Ca**],,-sensitive ATP production, particularly its effects
on the utilization of specific macronutrients that fuel ATP production.
Next, we discuss the primary Ca’* entry pathway into the matrix, the mi-
tochondrial Ca’* uniporter (MCU), its macromolecular complex structure
(MCUcx), and allosteric regulation by Ca’*. Key to this regulation are spe-
cific auxiliary subunits, along with the influence of mitochondrial inner
membrane architecture. While the Ca** signaling plays an important role,
it does not fully explain the scope for regulating ATP production. Emerging
evidence suggests that additional signaling systems operating alongside the
Ca’* signaling contribute to the control of mitochondrial ATP production,
a topic requiring further investigation.
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1. INTRODUCTION

Cytosolic calcium (Ca’*) signaling is a highly adaptable mechanism regulating diverse cellular
processes across various eukaryotic cell types (1, 2). Its direct influence extends to controlling
muscle contraction, neurotransmission, and numerous other fundamental functions. Importantly,
beyond these direct effects, Ca?* signaling also modulates parallel processes that provide essential
support. One such vital parallel signaling pathway is the regulation of ATP production within
mitochondria, ensuring that the energy consumed by cellular processes is replenished.

Since its initial identification in the 1970s (3), our understanding of this unique and highly
compartmentalized mitochondrial Ca’* signaling pathway has expanded tremendously. With the
advent of new research tools and technologies, both the biophysical and molecular understanding
of the major transport systems facilitating the movement of Ca?* across the inner mitochondrial
membrane (IMM) have become clearer. However, some systems remain uncertain and are the
focus of ongoing investigations. Similarly, the enzyme processes and protein systems targeted by
mitochondrial Ca’* regulation continue to be updated. It has also become increasingly apparent
that mitochondrial Ca’* signaling is highly specialized, varying significantly between tissues and
further altering during disease development.

In this review, we examine the literature exploring how mitochondrial matrix Ca?* ([Ca**],,)
regulates ATP production. We also provide an updated review of the molecular and quantita-
tive aspects of mitochondrial Ca?* signaling. Additionally, we present a detailed discussion of the
current understanding of the primary pathway for Ca entry into the mitochondrial matrix, the
mitochondrial Ca?* uniporter holo-complex (MCUcx). Finally, we highlight a novel signaling sys-
tem operating alongside the mitochondrial Ca’* signaling system, which broadens its regulatory
range.

2. PHYSIOLOGICAL REGULATION OF MITOCHONDRIAL
ATP PRODUCTION

In tissues characterized by high energy demand, notably the liver, kidneys, heart, and brain, mito-
chondria serve as the primary source of cellular ATP. It is thus not surprising that mitochondria
make up 22% of the cellular volume in the kidney and liver (4—6) and at least 30% in heart mus-
cle cells (7). The dynamic range of mitochondrial ATP production, inferred from tissue oxygen
consumption under baseline and stimulated conditions, varies widely among tissues, reflecting
regulatory scope (Figure 1a,b). In the liver and kidney, oxygen consumption rises only modestly
(up to 25%) above baseline levels (8-15). On the other hand, the heart—especially under elevated
adrenergic tone and circulatory demand—can undergo a substantial increase in oxygen consump-
tion, with estimates in the range 2.5- to fivefold (16-25). Even more pronounced increases have
been reported in skeletal muscle, where oxygen consumption can rise by 6 to 17 times above
baseline (26-29).

The scope for increasing mitochondrial ATP production depends, in part, on blood-borne
delivery of oxygen and carbon-based energy sources. This extrinsic regulation highlights the im-
portance of coupling metabolic demand with blood perfusion, operated through various feedback
mechanisms between tissues and its vascular smooth muscle cells (30). Regulatory mechanisms
intrinsic to the mitochondrion also play a role in managing ATP production, many of which
have long been hypothesized to be sensitive to calcium ions (Ca?*), with evidence dating back
to the 1970s (3). This early evidence was strengthened by subsequent findings, giving rise to the
view that the intramitochondrial calcium concentration acts as a signal to regulate mitochondrial
metabolism. Herein, we critically review the evidence and discuss the implications of this oversight
mechanism in the heart and nonexcitable tissues.
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Figure 1

Energy consumption, its dynamic range, and the physiological regulation of ATP production by mitochondrial calcium. (#) Daily
metabolic rates of major organs and tissues. Shown values are from human subjects. Data from Reference 31. (5) Fold changes in oxygen
consumption rates of different tissues in different species. Each data point shows the fold change in oxygen consumption determined by
distinct studies performed in liver (8-13), kidney (14, 15), heart (16-25), and skeletal muscle (26-29). All shown measurements were
carried out with healthy tissues of wild-type animals under similar, physiologically relevant basal and strenuous activities. The indicated
weight (in kilograms) is the total body weight. (c) Schematic diagram of the interaction of matrix Ca’* ([Ca’*],,) with processes and
systems involved in oxidative phosphorylation. The complexes of oxidative phosphorylation are labeled I-V. The red arrows pointing
from Ca’* to the various interaction sites suggest a direct or indirect modulation of enzymatic activity. Abbreviations: A, aconitase;
oaKDH, a-ketoglutarate dehydrogenase; ANT, adenine nucleotide translocase; C, cytochrome C; CS, citrate synthase; F, fumarase;
ICDH, isocitrate dehydrogenase; MDH, malate dehydrogenase; MCU, mitochondrial calcium uniporter; NCLX, the mitochondrial
sodium calcium exchanger; NHE, the mitochondrial proton sodium exchanger; PDH, pyruvate dehydrogenase; Q, coenzyme Q; SCS,
succinyl-CoA synthetase; SDH, succinate dehydrogenase (also complex II); VDAC, voltage-dependent anion-selective channel.
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3. CALCIUM REGULATION OF INTRA-MITOCHONDRIAL
ENERGY METABOLISM

The Krebs cycle dehydrogenase enzymes, along with the dehydrogenases that feed intermediates
into the cycle, generally catalyze the reduction of NAD* to NADH while releasing CO,. This
NADH energizes the electron transport chain that sets up the electrochemical [H*] gradient
across the IMM, which in turn, powers ATP synthase. The regulation of these matrix-localized
dehydrogenases by Ca?* establishes a direct line of communication between cellular Ca** sig-
nals and the control of energy metabolism. This potential role of mitochondrial Ca’* signals was
first identified in research conducted more than 50 years ago (3) and remains widely accepted
today, although the understanding of its molecular underpinnings have evolved considerably
since.

3.1. Biochemical Studies

In 1969, Reed and colleagues demonstrated that the pyruvate dehydrogenase (PDH) complex in
mammalian tissues is regulated by reversible phosphorylation (32). This phosphorylation is medi-
ated by a kinase tightly bound to the complex, leading to an almost complete loss of PDH activity.
Reactivation occurs through a magnesium-activated phosphatase (32). These discoveries paved
the way for Denton and colleagues in 1972 to examine the properties of this enzyme in greater
detail (3). By using EGTA buffers, it was revealed that the phosphatase in various mammalian
tissues is activated by Ca?*, with an estimated Kp 5 value close to 1 pM (3). Because PDH links
glycolysis to the Krebs cycle, this report seeded the view that Ca** regulates intramitochondrial
metabolism.

In the late 1970s, Denton, McCormack, and their colleagues at the University of Bristol in-
vestigated the Ca’* sensitivity of various mitochondrial dehydrogenases besides PDH (33-35). At
that time, none of these dehydrogenases were known to be regulated through post-translational
modifications. As a result, instead of examining possible Ca?* sensitivity of kinases/phosphatases,
they focused on assessing how Ca’* influenced the reactions catalyzed by specific dehydrogenases
present in extracts of mammalian mitochondria. To infer dehydrogenase activity, changes in ab-
sorbance tracked the production of NAD(P)H in response to specific substrates and measured over
arange of [Ca**]. In their screen, two enzymatic reactions were found to be Ca** sensitive: NADH
production evoked by either isocitrate (33, 34) or a-ketoglutarate (34, 35). These results led to the
conclusion that isocitrate dehydrogenase (ICDH) and a-ketoglutarate dehydrogenase (¢KDH),
along with PDH, are the only Ca?*-sensitive dehydrogenases in the matrix. Furthermore, the
enzymes’ Ky s values for Ca’* of ~1 M were interpreted to signify physiological significance.
However, subsequent studies, summarized in Table 1, revised this early interpretation.

In the mid- to late 1980s, Denton and McCormack, now collaborating with other colleagues,
reevaluated their earlier conclusions using newly available research tools that offered improved
precision and specificity (36, 37). They reexamined the properties of ICDH in rat heart mito-
chondrial extracts and in permeabilized mitochondria. In both cases, considerably higher Kjs
values for Ca** were obtained (~10 wM). The discrepancy with early estimates was attributed
to improved tools to measure and control free [Ca’*] and the presence of physiological [K*]
(36, 37). Critically, these subsequent studies cast doubt on the physiological relevance of ICDH
regulation by Ca’*, which now appeared to occur well above the physiological range for mito-
chondrial [Ca?*]. Another aspect of the research that was revisited was the characterization of
oKDH. They aimed to examine the possibility that Ca?* might be impacting an upstream step
in this metabolic pathway, possibly involving glutamate dehydrogenase (GDH), which converts
glutamate to a-ketoglutarate. The resulting findings supported this possibility. In particular,
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under the conditions of their experiments with mitochondria (38), Ca’* enhanced the rate at
which radiolabeled CO, (1*CO,) was produced from radiolabeled glutamate ([1-'*C]glutamate).

In a series of subsequent reviews spanning from the 1990s (39, 40) to 2009 (41), Denton and
McCormack, along with their colleagues, still maintained the position that ICDH and «KDH are
sensitive to Ca?*. However, they complemented this stance with a comprehensive and critical dis-
cussion of their research in light of emergent limitations. Over time, unlike the case for PDH, the
support for Ca** sensitivity of [CDH and oKDH waned due to the lack of a compelling mech-
anism. No Ca?*-dependent post-translational modifications have been identified, nor have any
putative EF-hand motifs or other canonical Ca?* binding sites been found within these enzymatic
macrocomplexes.

3.2. Physiological Scrutiny

In 2019, Wescott et al. (42) revisited this issue using newer tools and technologies that, compared
with those previously available, significantly improved their ability to manipulate and observe
mitochondrial processes with spatiotemporal precision. They measured time-resolved ATP pro-
duction by intact functional cardiac mitochondria in a physiologically relevant context, while
directly measuring [Ca?*],, with calibrated fluorescent indicators. These experiments were de-
signed to identify the sites of Ca’* regulation by comparing the [Ca’*],, sensitivity of ATP
production powered by diverse metabolic substrates. They examined different carbon sources,
such as carbohydrates and amino acids that are metabolized through the Krebs cycle. They also ex-
amined lipids, which undergo catabolic steps in the mitochondrial matrix and enter the Krebs cycle
after B-oxidation as two-carbon acetyl-CoA or four-carbon succinyl-CoA. The experiments iden-
tified specific carbon substrates that enable [Ca®*],,-sensitive ATP production and others that do
not. The finding that ATP production powered by lipids is not sensitive to regulation by [Ca**],,
was unexpected based on prior literature. As the end products of f-oxidation of lipids feed directly
into the Krebs cycle, this outcome meant that [Ca®*],,, does not significantly affect enzymatic steps
within the Krebs cycle itself, including those catalyzed by ICDH and «KDH. In sharp contrast,
other findings showed that the entry of glutamate and pyruvate into the Krebs cycle is regulated by
[Ca** ], and it is through this regulation that increasing [Ca?*],,, augments ATP production. This
constituted direct evidence that [Ca?*],, regulates ATP production by modulation of PDH and
GDH activity, and not through any effects on Krebs cycle dehydrogenases, nor on ATP synthase
(complex V) or the electron transport chain complexes II, IIT or IV, which also had been implicated
in previous studies as possible sites at which elevated [Ca?*],, stimulated ATP production (43).
Glutamate and pyruvate are the breakdown products of proteins and carbohydrates. These
findings by Wescott et al. (42) thus identify [Ca’*],, as a key regulator of mitochondrial utilization
of proteins and carbohydrates, but not that of lipids. Further studies using genetic mouse models
aligned with this conclusion and revealed the broader metabolic and physiological implications. In
particular, mouse models were employed in which the MCU was genetically deleted (44-46). As a
result, the ability of Ca?* to enter the mitochondrial matrix and regulate its metabolism was largely
attenuated. These mice displayed broad transcriptional adaptation that occurs in response to life
without a functional cardiac MCU (44). Importantly, the adaptations that accompany genetic dele-
tion of MCU include changes of mitochondrial fuel selection, with a shift toward mitochondrial
fatty acid metabolism in skeletal muscle (45), as well as augmentation of cardiac fatty acid oxidation
as compensatory source of high-energy to sustain ATP production (46). These findings further
support the suggested role of mitochondrial Ca’* influx as the signal that stimulates pyruvate-
tueled ATP production by mitochondria (3, 42). Consequently, in the absence of functional MCU
channels, other carbon sources are consumed at higher rates as an adaptive mechanism.
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There is no question that further quantitative investigations, under a range of physiological
conditions, are necessary to more comprehensively characterize the full spectrum of Ca** sen-
sitivity in mitochondrial ATP production. Moreover, mitochondrial Ca?* sensitivity is likely to
exhibit tissue-specific characteristics, because energy consumption and daily metabolic rates dif-
fer significantly across major organs and tissues, as illustrated in Figure 1. The mitochondria in
different tissues both support and respond to different cellular metabolic pathways and so can
access a variety of respiratory fuels under different conditions.

3.3. Sites of Calcium Regulation Outside the Mitochondrial Matrix

The possibility that Ca’*does not need to enter the mitochondrial matrix to regulate energy
metabolism has been examined in several studies. Ca’* likely enters mitochondria primarily
through the numerous large voltage-dependent anion-selective channel (VDAC) pores in the
outer mitochondrial membrane (OMM) and has been shown to influence the permeability proper-
ties of VDAC as well as its interactions with partner proteins (reviewed in 47; also see Section 3.2).
However, there is as yet no evidence that the effects of Ca’* at the OMM modulate ATP pro-
duction under physiological conditions. Likewise, identifying sites of Ca** regulation of ATP
production within the mitochondrial intermembrane space (IMS) has proven to be elusive. Indeed,
stimulation of mitochondrial metabolism by increasing extramitochondrial [Ca’*] is generally
abolished by either Ruthenium Red or Ru360, potent inhibitors of Ca’* uptake into the mitochon-
drial matrix. These results were obtained with diverse respiratory substrates, including glutamate
(42, 48), pyruvate (38, 42), and a-ketoglutarate (38), strongly indicating that stimulation of mito-
chondrial metabolism requires increased matrix [Ca**]. This conclusion is fully consistent with
the known mechanism for stimulation of PDH, which is inactive until dephosphorylated by Ca?*-
dependent phosphatases inside the matrix. Perhaps the strongest evidence for Ca’* regulatory
sites on the external (OM-facing) surface of the inner membrane has been provided by studies of
metabolite carriers. These include the aspartate-glutamate carrier (AGC) and an ATP-Mg?*/P;
exchanger, both of which have been suggested to become stimulated by added Ca?* in the absence
of matrix Ca?* uptake (49, 50). AGC has two isoforms (aralar and citrin) with different kinetic
characteristics and tissue-specific expression, and both contain N-terminal extensions with Ca’*-
binding EF-hand domains accessible in the IMS (50, 51). As this carrier is a key component of
the malate-aspartate shuttle (MAS), significantly increasing its activity could be expected to in-
crease substrate uptake and thus support increased ATP production. However, unlike PDH, AGC
displays considerable activity in the absence of Ca**, with only a fractional increase induced by
Ca%* in the case of aralar, the predominant isoform in muscle (a 1.5-fold increase in activity with
Kys ~300 nM) (51). Moreover, the stimulation of MAS activity by external Ca’* is blunted in the
absence of Ruthenium Red for reasons that are not yet clear (51). Itis possible that an incremental
upregulation of MAS elicited by cytosolic Ca** might complement the stimulation of dehydroge-
nases by matrix Ca’*, as recently suggested by Rutter et al. (52). However, it seems likely that the
Ca’* sensitivity of these carriers is more relevant to tissue-specific stress responses, such as those
elicited by glutamate spikes in neuronal cells (53), than to general regulation of mitochondrial
ATP production.

4. MITOCHONDRIAL CALCIUM SIGNALING
4.1. Heart

Cardiac ventricular myocytes are ideal for studying Ca’* flux across the IMM, which plays a
key role in regulating mitochondrial functions. In the mammalian heart, mitochondria are the
primary source of ATP and are more densely packed per unit volume than in any other tissue,
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Figure 2

Spatial distribution of cardiac mitochondrial Ca* signaling components. A spatial representation of a Ca?* spark (ved background
gradient) initiated at the CRU, which is located between the T'T and the junctional sarcoplasmic reticulum membranes. At the peak of a
Ca’* spark, [Ca’*]; briefly (10 ms) bathes the end of a mitochondrion with high [Ca?*]; (5-10 jLM). The arrow on the y-axis indicates
cell-wide (global) peak [Ca™?); transient. During a [Ca%t); transient, multiple CRUs release Ca?t, bathing both ends of the
mitochondrion with high [Ca’*];. Abbreviations: CRU, Ca’* release unit; LCCs, L-type Ca’>* channels; MCU, mitochondrial calcium
uniporter; NCLX, mitochondrial sodium calcium exchanger; NCX, sodium calcium exchanger; RyRs, ryanodine receptor type 2;
SERCA, sarcoplasmic/endoplasmic reticulum calcium-ATPase; T'T, transverse tubule. Figure adapted with permission from

Reference 56; copyright 2013 National Academy of Sciences.

constituting roughly one-third of the cell volume. These mitochondria experience regular and
repetitive increases in extramitochondrial Ca’* levels, specifically local elevations in cytosolic
calcium concentration ([Ca’*];). The abundant intermyofibrillar mitochondria are situated
in close proximity to the sarcoplasmic reticulum (SR), the primary intracellular Ca** storage
organelle, which releases Ca’* with each heartbeat (Figure 2). While the cell-averaged (global)
[Ca’*]; increases from 100 nM to ~500 nM during each heartbeat, the localized [Ca?*]; near
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the ends of the intermyofibrillar mitochondria may briefly spike to ~10 pM during the release
phase nearest to the SR Ca’* release units (56, 57). The Ca** released from the SR can traverse
the IMM through the MCU complex, the only established pathway for Ca?* entry into the
mitochondrial matrix (58-60). This Ca** entry is driven by the voltage gradient across the IMM,
the mitochondrial membrane potential (AW,,), creating a significant negative voltage on the
matrix side (ranging from —120 to —160 mV). Ca** is extruded from the matrix by the mitochon-
drial Nat/Ca?* exchanger (NCLX) (61-63), with additional Ca’>* efflux via Na*-independent
mechanisms, potentially via a putative transporter termed TMBIMS (64, 65).

The movement of Ca?* in and out of the mitochondria is very modest compared to the sub-
stantial fluxes across the membrane or the SR (56). As a result, normal physiological mitochondrial
Ca’* movements do not significantly affect cytosolic [Ca’*]; levels, and heart mitochondria do not
act as a significant dynamic buffer for [Ca’*]; (45, 56, 66, 67). Nevertheless, these modest mito-
chondrial Ca’* movements are essential for the physiological regulation of cardiac mitochondrial
ATP production. Under physiological conditions, [Ca?*],, tracks cytosolic [Ca’*];, but it changes
at a much slower rate, acting as a low-pass filter version of the [Ca’>*];. In this manner, the sharp,
transient rise of cytosolic [Ca?*]; with each heartbeat does not produce synchronized, large tran-
sients of [Ca’*],, (42, 68-71). Instead, a series of cytosolic Ca** transients and their pattern cause a
gradual, heart rate-dependent variation in [Ca**],,, ensuring that mitochondrial ATP production
is in sync with changes in heart rate.

4.2. Nonexcitable Cells

In most nonexcitable cells, the endoplasmic reticulum (ER) serves as the primary Ca** storage
organelle, a structure analogous to muscle’s SR. The ER houses inositol 1,4,5-trisphosphate recep-
tors (IP;Rs), which facilitate the release of Ca?* into the cytosol, resulting in cell-wide oscillations
or prolonged global elevations of cytosolic Ca?* levels ([Ca**];). The activation of IP;Rs is trig-
gered by both Ca?* and IP;. The latter is produced enzymatically in response to the stimulation of
a variety of plasma membrane receptors by hormones, neurotransmitters, and other extracellular
agonists (72-74).

Much of the Ca?* released from ER stores through IP;Rs diffuses away from the release sites
into the cytosol, where it produces global elevations in [Ca®*]; of only a few hundred nanomolars.
Because transport of Ca?* via the uniporter is very slow at submicromolar [Ca?*]; (see Section 4),
mitochondria were generally considered nonresponsive to typical cytosolic Ca** signals. How-
ever, this view was changed in the late 1990s by Rizzuto and colleagues (75) in experiments on
living cells expressing targeted Ca’*-sensitive fluorescence probes. The resulting images demon-
strated that mitochondria in close proximity to the ER in nonexcitable cells, like those proximal
to SR calcium release sites in muscle, are exposed to locally elevated Ca®* levels that can support
rapid Ca’* transport into the matrix (75) (for a review, see 76). Such Ca** microdomains might
arise spontaneously and transiently as a natural consequence of organelle crowding in many cell
types (as noted in 77). However, there is growing evidence for a level of organization in nonex-
citable cells analogous to that in muscle, i.e., specialized interfaces between membranes of the ER
and the OMM, possibly stabilized by protein tethers (78, 79). These interfaces are proposed to be
involved in a wide range of processes including, but not limited to, Ca?* transport, lipid transfer,
and organelle biogenesis and dynamics (79-83). The regions of close association between ER and
the mitochondrial surface were referred to as mitochondria-associated membranes (MAMs; 81)
in the 1990s and later by a variety of acronyms such as MERC:s (84) (mitochondria-ER contacts),
and can involve a third cell component, such as lipid droplets (85) or plasma membrane (83). Ex-
tended densities observed in electron tomograms to span ER and mitochondria vary in length
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(9-30 nm), suggesting the occurrence of multiple types of bridging complexes (79). Subsequently,
numerous combinations of ER and mitochondrial OMM proteins have been implicated in form-
ing diverse, function-specific intermembrane complexes (76). Several of the proposed complexes
are anchored at the ER by IP;Rs and at the OMM by the VDAC pore, consistent with involvement
in mitochondrial Ca?* uptake from ER stores. In fact, multiple knockouts of IP;R and VDAC iso-
forms indicate that these two proteins are essential to the process (86). Modulating the distance
between the apposed ER and OMM surfaces by overexpression of synthetic tethers suggests an
optimum spanning distance of around 20 nm for mitochondrial Ca** uptake, influenced by such
factors as ion diffusion and steric hindrance of components such as IP;Rs (79, 84, 86, 87). How-
ever, while varying the interface width influences on mitochondrial Ca?* uptake and respiratory
parameters, there was no impact on AWy, the inner membrane electrical potential that drives ATP
synthesis (86). Also, findings with overexpressed synthetic tethers are complicated by concurrent
increases in the extent of OMM and ER surfaces involved in forming the interfaces (79, 84). Thus,
considerable work remains to understand how ER-mitochondria and other cellular tethered mi-
crodomains, described variously as adaptable and metastable (88, 89), are organized and function
within a dynamic cytoplasm. An important step would be determining the molecular components
of the ER-OMM bridging densities, e.g., by fitting atomic structures of candidate proteins to
high-resolution tether densities obtained by cryogenic electron microscopy (cryo-EM), as done
for the attachment of sperm mitochondria to the cytoskeleton via VDAC and glycerol kinase on
the OMM (90).

5. THE MCU CHANNEL

Originally described as a mitochondrial calcium uniporter in the 1980s, abbreviated as MCU,
nearly 20 years later it was discovered through electrophysiological studies to be a highly selective
Ca?* channel (91). Some seven years following this discovery, the first molecular components
of the channel were identified (59, 60). These breakthroughs paved the way for the identifi-
cation of the complete ensemble of subunits that form the channel’s holo-complex, known as
MCUecx.

5.1. Biophysical Characteristics of the MCU Channel Holo-Complex

Electrophysiological studies by Kirichok and colleagues (91, 92) conclusively demonstrated that
the MCUcx is a highly selective, low-conductance Ca** channel. The channel’s single-channel
conductance (gne) follows a Michaelis-Menten model, with a K, for [Ca’*]; of 19 mM. This is
significantly higher than the physiological diastolic levels of [Ca?*]; in the heart, which range
from 100 nM to 500 nM. The maximum conductance of MCUcx reaches about 6-7 pS at
105 mM [Ca®*]; (see 56, 60), which is roughly 10,000 times greater than what is observed un-
der physiological conditions. This relationship between the Ca?* conductance of MCUcx and
Ca’* concentration is a common characteristic of highly selective ion channels (93). Typically, the
conductance of an open channel increases as the availability of the conducting ion increase (93).
Due to these biophysical features, conducting electrophysiological examinations of the MCUcx at
physiological [Ca?*]; levels is particularly challenging. Under these conditions, the single-channel
conductance is low, approximately 0.1 fS at 500 nM [Ca**]; and a AW, of —160 mV (see 56). An-
other limitation to Ca** flux is the relatively low abundance of MCUcx channels in the IMM
membrane of various tissues, including the heart. Consequently, no electrophysiological studies
of MCUcx current have been conducted within the [Ca?*]; range of 300 nM to 10 wM, a range of
particular interest where [Ca’*];-dependent allosteric gating of the MCUcx is proposed to occur
(94-102).
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The AW,, not only drives Ca’>* movement through the MCUcx but it also tightly regulates the
stochastic opening and closing of the channel (58, 91, 92). Ata AW, of —80 mV, the open proba-
bility is only 0.11 but sharply increases to 0.93 ata AW, of —160 mV. The structural basis of this
voltage-dependent gating remains largely unclear. It is evident, however, that voltage-dependent
stochastic opening and closing of the channel persist even in the absence of its auxiliary sub-
units, such as mitochondrial calcium uptake 1 (MICU]1). In this case, the open probability of the
MCUcx is two-to-threefold lower than in the wild-type MCUcx that contains MICU1. These
findings emphasize the importance of the pore-forming subunits as critical components of the
gate and highlight the role of auxiliary subunits as modifiers.

5.2. Molecular Structure and Regulation of MCUcx

The unique subunits that collectively form the MCUcx include EMRE, MCURI1 (mitochon-
drial calcium uniporter regulator 1), MCUDb (mitochondrial calcium uniporter dominant-negative
beta subunit), MICUx (comprising mitochondrial calcium uptake 1-3, i.e., MICU1, MICU2, and
MICU3), and the pore-forming subunit itself (often referred to simply as MCU), as illustrated in
Figure 34. Understanding the properties and functions of these MCUcx subunits is a challenging
and actively evolving area of research.

The Ca** conduction pathway of the MCUcx consists of four pore-forming subunits (103) (i.e.,
MCU). Within this tetrameric assembly, the MCU subunits can be substituted with dominant-
negative subunits, known as MCUDb, which results in a pore with reduced activity (104). MCUb
is not as ubiquitous as MCU and is found in fewer tissues (104). Its expression is also thought
to be associated with the progression of certain pathological conditions where it is suggested to
function as a mechanism to limit mitochondrial Ca’* influx (101, 105-107).

EMRE is a 10-kDa protein with a single transmembrane domain that structurally supports
the tetrameric MCU pore (103). In its absence, no channel activity occurs (58, 108, 109). Apart
from its pore scaffolding role, EMRE also connects the pore structure with its regulatory subunits
MICU1 and MICU2 (103).

Among the three currently known MICUs, MICU1 was the first to be identified (110). Initially,
it was thought to be an essential subunit without which the channel could not function (110). How-
ever, it later became abundantly evident that MICUI is not a critical component of the functional
channel but rather an auxiliary subunit that regulates its function (58, 99, 108, 109). MICU1 was
shown to interact with the MCU pore in the IMS, where it senses Ca** via EF-hand domains
with an apparent Ca’* dissociation constant (Ky) of ~300 nM for MICU1 (111) and ~650 nM
for MICU2 (111) (not determined quantitatively for MICU3). MICU1 appears to be expressed
in every tissue tested (96), and mice lacking MICUT1 are either partially (102) or completely (112)
perinatal lethal. In contrast, MICU2 and MICU3 are expressed in fewer tissues (113, 114), and
mice deficient in MICU?2 are viable but develop heart pathology (115). Studying how the MICUs
regulate the MCUecx is an area of research that continues to be highly active and rapidly evolving.
The current understanding and proposed mechanisms are discussed in more detail in Section 5.3
below.

As our understanding of MCUcx continues to evolve, it becomes clearer that MCU complexes
differ significantly across various tissues. The density of MCUcx channels within the IMM varies
greatly among mammalian tissues, with the heart exhibiting the lowest levels and skeletal muscle
showing the highest among studied tissues. Similarly, there are notable tissue-based differences in
the regulation of the open probability of the MCUcx (42, 116), as well as in the stoichiometry of
MCU:MCU1:MICU?2 in the active channel (117). An additional layer of complexity is introduced
through epigenetic regulation by multiple microRNAs (miRNAs). The currently identified range
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The MCU channel complex and its regulation. () The molecular components of the MCUcx. (4) The two models of MCUcx channel
activity at or below threshold [Ca’>*]; (0 to ~500 nM), threshold, and stochastic gating models. (¢) Representation of typical MCU
Ca’* flux from nonexcitable cells, e.g., Reference 58. (d) A spatial representation of the structural coupling of MCU function to its
mitochondrial location.(Lef?) The Ca?* signaling environment of MCUcx within the IMM when the cristae extend and (right) when
the crista widens. Abbreviations: EMRE, essential MCU regulatory element; IMM, inner mitochondrial membrane; IMS,
intermembrane space; KO, knockout; MCUcx, MCU channel holo-complex; MEE, murine embryonic fibroblast; MICU1/2,
mitochondrial calcium uptake 1/2; Opal, optic atrophy 1; WT, wild-type.

of miRNAs target specific subunits of the channel, each associated with different pathological
conditions. For instance, miR-1 downregulates MCU during cardiac hypertrophy (118), miR-25
in aggressive colon cancer cells (119), miR-138 in rapidly proliferating smooth muscle cells (120),
and miR-340 in breast cancer cells (121). In parallel, miR-195 has been shown to downregulate
MICUI in ovarian cancer cells (122), and miR-181c plays a role in downregulating MICU1 in the
heart as part of the postischemic response (123).

5.3. Multiscale Regulation of MCUcx

Prior to the molecular identification of the proteins that comprise the MCUcx, it was not possible
to dissect how each of the various components influences the channel’s biophysical characteris-
tics. These include the effects of Ca’* binding to putative regulatory domains of the channel,
known since the early 1980s to modulate uniporter behavior by an apparent allosteric mecha-
nism (124, 125). With the discovery of the channel subunits, it became possible to genetically
manipulate and alter these proteins, albeit largely in nonexcitable cells (58, 94, 99, 108, 109, 126).
Of these subunits, MICU1 had features that drew particular attention. First, its genetic deletion
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(MICU1~"") significantly affected how the channel functions. Secondly, such deletion was partially
(102) or completely (112) embryonic lethal in mice, while deletion of the channel pore-forming
units (MCU~") did not appear to be (127, 128).

As the work evolved, several laboratories reported similar findings, typified by those shown
in Figure 3¢ for altered expression of MICU1 in multiple cell lines (58). Calcium uptake by the
mitochondria of the wild-type cells has a hyperbolic dependence on external [Ca**], with an ap-
parent [Ca?*]; threshold well above the resting cytosolic levels. Below this threshold no net flux
is measured. Knockout of MICU1, however, removes this threshold and results in a linear depen-
dence of calcium transport on external [Ca?*] through the range 0-15 pM (Figure 3¢). The initial
hypothesis forwarded to explain this change in channel behavior was a physical steric blockade of
the MCU pore by MICU1, which serves as a gatekeeper removed by Ca’* binding (103) (see the
top of Figure 35). Cryo-EM structures of the MCUcx are considered to support such a two-state
model by showing MICUT1 binding at the MCU pore opening, “sealing” the channel or produc-
ing inhibited state (with EGTA, no added Ca**), but not in an activated state (with 2 mM Ca?’*)
(103). While these structures provide valuable information about the holo-complex, they do not
directly correlate structural differences with the physiological range of [Ca?*] effects. More gen-
erally, while a two-state occlusion mechanism might account for a shift from [Ca’*]; threshold to
no threshold in the absence of MICUT, it does not explain why Ca?* transport rates of wild-type
mitochondria exceed those of MICU1~/~ mitochondria above the [Ca*]; threshold. That effect
requires a Ca’*-induced change in MCUcx that increases the channel’s flux and is reduced or
absent without MICUL. In fact, such a mechanism is provided by the calcium dependence of the
channel’s opening and closing (58). While the open probability of MCUcx is increased 2-3 fold
by Ca’>* binding to MICU1, the single channel openings occur (albeit at reduced frequency) in
the absence of MICUL. This provides a mechanism for potentiation of the channel’s current via a
stochastic gating model (Figure 354). Along these lines, it is worth noting that these electrophysi-
ological studies did not find evidence that the channel can become occluded (58). Consequently, it
has been proposed (58, 129) that the apparent threshold at low [Ca?*]; is caused by an as-yet unre-
solved indirect mechanism that may or may not involve Ca’*-dependent conformational changes
within the MCU channel complex itself.

An alternative mechanism for attenuation of mitochondrial Ca?* uptake at low cytosolic Ca®*
levels is based on recent evidence that MICUT1 is involved in another fundamental mitochondrial
process, the folding of the IMM to form cristae. Cristae extend from the peripheral region of the
IMM that parallels the OMM, referred to as the inner boundary membrane (IBM), at so-called
crista junctions (CJs) (130) that are formed by a multiprotein mitochondrial contact site and cristae
organizing system (MICOS) (131, 132). There is evidence that MICU1 binds to the MICOS
complex independently of its binding to MCU (133) and that reducing its expression has the same
effect of destabilizing cristae (widening CJs and reducing crista surface) as that of Opal (133,134),
considered the crista gatekeeper responsive to cellular stresses (135-137). Further, evidence from
superresolution microscopy suggests that MICUI resides exclusively on the IBM while MCU
distributes randomly on the IMM (134, 138). These observations suggest a structural coupling of
MCU function to its mitochondrial location. The MCU in the IBM sense [Ca’*] in the IMS, at
or near the cytosolic level on the other side of the permeable OM. The rest of the MCU channels
are located inside cristae where [Ca?*] is normally depleted (134), likely due to restricted diffusion
through tight CJs.

By this structural coupling hypothesis (Figure 3d), knockout of MICU1 increases rates of
mitochondrial Ca’* uptake at low [Ca?*]; by widening CJs and reducing crista surface, thereby
reducing Ca?* depletion inside crista lumens and increasing the fraction of MCU actively
transporting Ca’*. Consistent with this hypothesis, knockout of Opal similarly alters crista
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structure (as noted above; see also 139) and increases mitochondrial calcium uptake in a variety
of cell types, including murine embryonic fibroblast (MEF) cells (140), neurons (141) and liver
(142). The increased Ca’* uptake in MEF cells could be attributed in part to closer association of
the OMM with proximal ER. However, the evidence that both the stress sensor, Opal, and Ca**
sensor, MICU1, interact directly with MICOS and possibly MCU at CJs (133, 134) suggests a
coupling between mitochondrial Ca’* uptake and IMM topology that remains to be elucidated.

It has long been known that moderate uptake of Ca’* by respiring mitochondria is accompa-
nied by reversible matrix swelling (143). The associated partial unfolding of cristae and possible
relocation of MCU, such as that inferred for loss of MICU1 and Opal (Figure 34d), could account
at least in part for the cooperative nature of Ca** uptake (Figure 3¢). How mitochondria adapt
structurally to Ca?* uptake of varying rate and extent, including their capacity to buffer matrix
Ca’* [e.g., by sequestration in amorphous calcium phosphate granules (144-146)], is another line
of investigation that is reemerging in parallel with advances in technology, e.g., in cryo-EM and
superresolution imaging.

6. SIGNALING SYSTEMS THAT COMPLEMENT CALCIUM SIGNALING

The possible function of complementary signaling systems in the heart would address a long-
standing metabolic conundrum for heart function: How does consumption of energy contribute
to the feedback control of ATP production by mitochondria? The Ca?* feedback mechanism is
clearly important because it links mitochondrial ATP production to heart rate by raising [Ca’*],,
levels (42, 68-71), which in turn stimulates processes upstream of the respiratory chain. How-
ever, the robust Ca**-dependent metabolic feedback mechanism alone does not wholly explain
how mitochondrial ATP production matches the full range of energy demands in ventricular
cardiomyocytes. In particular, it does not provide a signaling process by which elevated cardiac
pressure-volume work stimulates concurrent changes in mitochondrial ATP production. This
kind of situation arises routinely when the heart must pump at the same rate but against a greater
afterload. This occurs, for example, when blood pressure rises.

The regulation of mitochondrial ATP output by systems complementary to that dependent
on [Ca’*],, has been the focus of several investigations in nonexcitable cells (147, 148). These
studies raised the possibility that such signaling systems could sense CO, generated as a waste
product of nutrient oxidation in the mitochondrial matrix. The faster the flux through the Krebs
cycle, the greater the carbon emissions. Although CO; is a lipid soluble gas that swiftly per-
meates membranes, a fraction is retained inside mitochondria as bicarbonate, produced by the
reaction catalyzed by carbonic anhydrase. Bicarbonate directly activates soluble adenylyl cyclases
(sACs), which in turn produce cAMP. Thus, if a sAC is localized in mitochondrial subcompart-
ments, it could monitor local levels of CO, (reflecting workload) and, in principle, modulate
metabolic output accordingly. Most recently, Greiser et al. (149) showed that a sAC is located
within the mitochondria of ventricular myocytes, where it produces cAMP when activated by bi-
carbonate. They further demonstrated that this cAMP regulates mitochondrial ATP production
through a signaling cascade within the IMS, involving sequential activation of exchange protein
directly activated by cAMP (EPACI) and Rapl (Ras-related protein-1). The results indicate that
this workload (CO,)-dependent cAMP signal activates mitochondrial ATP production machin-
ery independently of, yet synergistically with, the heart-rate dependent [Ca’*],, signal. The clear
implication is that the two signaling pathways operate together to match mitochondrial ATP
production to the full range of energy demand in the heart.

The process by which the cAMP signal in the IMS is transmitted to the ATP production ma-
chinery is not yet defined and is currently under investigation. Likewise, the existence of two
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signaling pathways in heart mitochondria raises important questions about how the different sig-
nals are integrated normally and how alterations in each pathway might contribute to both the
progression of heart disease and the heart’s response to therapeutic interventions.

7. CONCLUDING REMARKS

This review has focused on the elements of calcium regulation of mitochondria related to one
function, ATP generation. While parallel research in the last two decades has greatly expanded
our understanding of mitochondrial involvement in numerous other fundamental processes (146,
150), ATP production remains the defining characteristic of the powerhouse of the cell. Clearly,
understanding the variations in mitochondrial ATP production and its sensitivity to calcium sig-
nals across different tissues and cell types remains a crucial goal of future research. An equally
important objective is to elucidate the role played by alterations in calcium signaling and in
[Ca’*];,-dependent steps of ATP production in the pathogenesis of various diseases. Indeed, mi-
tochondrial dysfunction associated with [Ca’*],, regulation has been implicated in the etiology
of numerous degenerative and age-related diseases (as reviewed in 151, 152). Just as advances
in technology have been crucial for understanding organelle cross talk in the cytoplasm and in-
tramitochondrial calcium targets, delineation of specific mechanisms underlying mitochondrial
dysfunction in chronic disease will be driven by rapidly accelerating advances in technology, both
computational and experimental (e.g., 153). There is little doubt that the ensuing progress will be
punctuated by surprises along with a deeper appreciation of the role of calcium in regulating the
cell’s energy supply.
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