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How the mitochondrial calcium uniporter complex

(MCU,,) works

Liron Boyman®® and W. Jonathan Lederer™®'

The MCU holocomplex, MCU_,

Cytosolic calcium enters the mitochondrial matrix
through the mitochondrial calcium uniporter (MCU)
where it acts as a signal that regulates ATP production
(1), metabolic fuel selection (1-3), and if excessively high,
triggers cell death (4). The complete complex of the
MCU subunits is now referred to as the mitochondrial
calcium uniporter holocomplex (MCU) (5). In PNAS,
Vais et al. (6) focus on how the levels of Ca®* inside the
mitochondrial matrix (Ca®*],.) can regulate the MCU,
itself. Here, the MCU, was investigated by patch
clamping a vesicular preparation made from the inner
mitochondrial membrane (IMM) of a single mitochon-
drion, called a "mitoplast” (Fig. 1A). This approach was
pioneered 17 y ago by Yuriy Kirichok, Grigory Krapivinsky,
and David Clapham (7) and was a huge step toward
our understanding of how mitochondria work. By
patch clamping single mitoplasts from COS-7 cells or a
region of the mitoplast membrane, they identified a
femto-Siemens (fS) single-channel conductance under
physiological conditions. It was highly selective for Ca®*
and had an open probability (P,) that was steeply volt-
age dependent. They suggested that this channel was a
good candidate for the MCU (Fig. 1B). Two indepen-
dent groups (8, 9) then showed that a molecular com-
ponent of MCU, was the likely pore-forming subunit,
here called MCUgore but also frequently called “the
MCU."” Elucidation of MCU, structure and function also
included the identification of key auxiliary subunits in-
cluding MICU1-3 (mitochondrial calcium uptake 1-3) and
EMRE (essential MCU regulator) (10, 11). Hugely im-
portant to our broad understanding of MCU, was the
follow-up work by the Kirichok laboratory. They sug-
gested that there were critical differences in the multi-
subunit MCU,, in different tissues (12). For example,
mitoplasts from different tissues had dramatically dif-
ferent MCU,, current densities! Mouse heart mitoplasts
had a significantly lower Iycye density than did mito-
plasts from skeletal muscle, liver, kidney, and brown fat
in mouse. Drosophila flight muscle mitoplasts had
barely detectable lycyx compared with all other types

of mitoplasts. Furthermore, Williams et al. (13) showed
that another specific tissue-dependent feature of
Imcuex density was that it appears to decrease as mi-
tochondrial volume fraction within different types of
cells increased. Thus, in heart muscle cells and in
Drosophila flight muscle cells where mitochondria are
more abundant than in any other cell type, the lmcucx
density was the lowest. These observations and others
(14-16) all suggest that the regulation of the MCU,,
and its function depends importantly on the tissues
and organisms in which the mitochondria are located.

Game Changer

The paper by Vais et al. (6) in PNAS focuses on how
[Ca?*],, may interact with the subunits in the MCU, to
control its current, Imcuex [figure 1A in Vais et al. (6)].
Like Kirichok et al. (7), Vais et al. (6) used a mitoplast
preparation to investigate Iycuc. The mitoplasts in Vais
et al. (6) are from a widely studied model cell preparation
that originates with the human embryonic kidney cell line,
HEK293 cells, and further transformed to make the
HEK293T cells. The “T" version of the HEK293 cells ex-
presses a mutant version of the SV40 large T antigen
oncoprotein. This constitutes the “wild-type” (WT) version
of the cells used in the study by Vais et al. (6). Knockouts
of specific MCU. subunits were made in the WT
HEK293T cells and verified. Molecular tools available
provide advantages for the use of HEK293T cells. Disad-
vantages and concems are discussed below. Importantly,
however, using the present approach, Vais et al. (6) have
measured and controlled matrix Ca®*, [Ca?*],,. This is a
game changer in studying how the MCU_, works.

Results

The discoveries of Vais et al. (6) were possible because
they actually measured [Ca®*]... The primary finding of
Vais et al. (6) is that [Ca®*], regulates the MCU,, current
(Imcue) in WT mitoplasts in a biphasic manner. In these
experiments, extremely high extramitochondrial [Ca®*]
was kept constant, and they tested how different levels
of [Ca®*], affected Imcuo. At low [Ca®*], (i.e., 1 to
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Fig. 1. Ca?* flux through MCU,,. (A) Diagram of the outer mitochondrial membrane (OMM; black) and the IMM (red). Mechanical shearing is used
to make the IMM vesicles and mitoplasts (red). (B) Matrix-out patch-clamp records of iycuycx at potentials from —200 to +140 mV. Stochastic gating
(openings and closures) and the voltage dependence of the open probability (P,) of MCU,, channels are shown. Modified by permission from ref.
7, Springer Nature: Nature, copyright (2004). (C) lllustration of the two models of MCU,, channel activity at or below threshold [Ca%*]; (0 to
~500 nM), threshold [Vais et al. (6)], and “stochastic gating” models. (D) Measurements of the relative number of open MCU,, per mitochondrion
and the dependence on [Ca®*]; for cardiac (green) and skeletal muscle (black) and Ru360-treated skeletal muscle (red). Zoomed-in view (Inset) of
[Ca%*]; at O to 2 pM. No conduction threshold is observed in either cardiac or skeletal muscle MCU,,.. Note that in skeletal muscle, the number of
open MCU,, depends on [Ca%*]; (over the range from 3 to 20 pM) but not in heart. Skeletal muscle data are fit to a modified Hill equation with a
Ko.s of 7.9 pM and a Hill coefficient of 2.95. Modified by permission from ref. 1, Springer Nature: Nature Metabolism, copyright (2019).

10 nM), the Ca®* current through the WT version of the MCU,,
channel is large, and it decreases by fourfold to a minimum at around
400 nM and then increases again to the same “maximum” at around
2 uM [Ca®*],.. The second finding is that the Ca®* current minimum
of Imcue found in WT MCU,, around 400 nM [Ca?*],,,, which con-
stitutes the point of “maximal suppression,” appears to depend on
specific molecular microdomains of the MCU,oe. When two aspartic
acids in the matrix-facing amino-terminal domain of MCU e were
individually mutated to alanines, the point of maximal suppression
changed. The third finding is that the point of maximal suppression
also changes by altering the subunit composition of the MCUL,. This
was achieved by individually knocking out the auxiliary subunits of
MCU (i.e., either MICU1 or MICU2) or by preventing their inter-
action with MCU,, using a mutated EMRE subunit. These findings
are surprising because MICU1 and MICU2 have been shown to re-
side in the intermembrane space—not in the matrix. This raises the
question of how could MCU,, sensitivity to Ca®" in the matrix be
altered by genetic elimination of subunits that reside in the inter-
membrane space and serve to sense Ca’" in the intermembrane
space. To resolve this seeming conundrum, Vais et al. (6) hypothesize
that Ca®*-sensing microdomains of the MCU,, on both sides of the
inner membrane are functionally interdependent—forming a
coupled Ca?*-regulatory mechanism.

Boyman and Lederer

The Threshold Model

Vais et al. (6) suggest a very specific model of the MCU, to ex-
plain how the MICUs work in the cell to manage the conductance
of MCU,, [figure 4 in Vais et al. (6)]. They suggest that [Ca®*].,
tunes how MICU1 works as a plug of the channel at the inter-
membrane surface of the IMM. Such a plug or bung is proposed
by both Vais et al. () and other studies to block the channel
sterically when [Ca®*]; is too low—below a putative “threshold”
level of [Ca®*]; of about 500 nM or less (16-19). It is widely held
that such an MCUL, threshold applies to physiological states. The
threshold is defined to be the [Ca®*]; or “extramitochondrial”
[Ca®*] level below which there is no Ca®* conductance by MCU,,.
Thus, at [Ca®*], below the threshold, there should be no MCU,,
Ca®* flux into the mitochondrial matrix. This threshold model,
shown in Fig. 1C, also involves a “gatekeeping” function that is
largely attributed to the MICUs in the IMS (intermembrane space),
but the details remain vague. Presumably, as we understand it, at
[Ca**]; levels above threshold a traditional stochastic gating
model applies, and the threshold caps are open.

Model Complexities

Importantly, however, physiologically the MCU channel is a low
conductance (fS), Ca®*-selective ion channel that can stochastically
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open and close as shown in mitoplast single-channel recordings (7,
20) (Fig. 1B). This figure also reveals a huge influence of voltage
across the IMM on the open probability of the MCU.. When the
open probability (P,) of the MCU, is zero, then all channels should
be closed—as is thought to occur below the [Ca®*]; threshold level.
This is the threshold model. However, such Ca®* threshold feature of
the MCUL, is exquisitely challenging to measure by electrophysio-
logical approaches, particularly when [Ca?*]; is low and within the
physiological range (100 nM to ~3 pM). This difficulty arises because
the signal to noise gets worse at low [Ca®]. To overcome these
challenges, an approach has been developed and used in isolated
mitochondria to estimate the number of open MCU,, channels in a
mitochondrion and also measure the Ca®* influx directly through the
MCU,, channels in heart (1). This work uses optical tools with ex-
cellent signal to noise over the physiological [Ca®*}; range. In con-
trast to prior suggestions, this method indicates that there is no
MCU,, threshold in either heart or skeletal muscle MCUL,,. This dif-
ference could be due to signal-to-noise issues (for those observing a
hard threshold [Ca®*]) or likely could be due to the different tissues
used in different studies. Therefore, perhaps a simpler model may
suffice for those who find no threshold and should be considered as
a possibility for those who do find a threshold. The pure stochastic
model assumes no threshold nor an IMS plug. This model is labeled
as the “stochastic gating model” in Fig. 1C.

Stochastic Gating Model?

A stochastic gating model as suggested by Kirichok et al. (7) and
shown in Fig. 1 B and C is consistent with the recent electrophysio-
logical findings by Garg et al. (20), who used a mitoplast preparation
to examine the gating of Iycuc. For these experiments, Garg et al.
(20) used mouse embryonic fibroblast cells that were drp1 null.
(Drp1 is a protein in the outer mitochondrial membrane mediating
mitochondrial fission.) In the absence of Ca®* (in 0 [Ca®*]), the Na™
permeation through MCU,, was examined and showed a robust
Imcue. Hence, under these conditions, there is no conduction oc-
clusion, no gatekeeping, and no threshold. In addition, Garg et al.
(20) also found that in the absence of MICU1, the open probability of
the MCU,, was two- to threefold lower than in their WT MCU,,. This
finding further supports the role of MICU1 as a critical component of

the activation gate in the MCUpqre itself. Thus, to date, there are
multiple reports that support the simplistic model that includes a
Ca®*-dependent activation gate. However, Ca®* conduction thresh-
old has not been shown or measured directly by any electrophysio-
logical study of the MCU, nor under any condition when the
conductance can be quantitatively assessed. Indeed, Vais et al. (6) did
not find a conductance occlusion nor conductance threshold in either
their figure 1B or 4A.

Conclusion

MCU,, features depend on the tissue. With the goal of reaching a
broad and generalizing understanding of MCU,,, it may be important
to reemphasize one of the major findings of the Kirichok group that
different tissues appear to have unique MCU,, Ca®* conductance
properties. This conclusion is also consistent with the recent finding
of Wescott et al. (1), who showed that the number of open MCU,
channels is regulated by [Ca®*] in skeletal muscle but not in heart
(Fig. 1D). Other studies have also reported critical differences be-
tween the MCU,, of the heart, skeletal, and liver mitochondria (15,
16). Thus, the current exciting findings of Vais et al. (6) provide us with
an interesting and different model for how the MCU,, works in
HEK293T cells. At the present time, it would appear, however, that
because of the functional diversity of the MCU,,, it is still difficult to
generalize from the findings in one cell type to create a single
overarching model of how MCU_, works everywhere. Furthermore, it
may also be difficult to assume that the molecular structure of the
purified MCU_, from one cell type or one tissue (5) necessarily rep-
resents the structure of MCU in all other cell types and in all stages
of life. This discussion raises the question again: "how does the
MCU, really work?” The practical answer at this point is that it de-
pends on the tissue. Nevertheless, significant important progress is
being made, and this is nicely illustrated in the paper by Vais et al. (6).
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