Regulation of the Mitochondrial Calcium Uniporter
by the MICU1/MICU2 Complex: From Biochemistry
to Human Disease
Citation
Kamer, Kimberli Jean. 2018. Regulation of the Mitochondrial Calcium Uniporter by the MICU1/
MICU2 Complex: From Biochemistry to Human Disease. Doctoral dissertation, Harvard
University, Graduate School of Arts & Sciences.

Permanent link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:41128465

Terms of Use
This article was downloaded from Harvard University’s DASH repository, and is made available
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story
The Harvard community has made this article openly available.
Please share how this access benefits you. Submit a story .
Accessibility

Regulation of the mitochondrial calcium uniporter by the MICU1/MICU2 complex:
from biochemistry to human disease

A dissertation presented
by
Kimberli Jean Kamer
to
The Department of Chemistry and Chemical Biology

in partial fulfillment of the requirements
for the degree of
Doctor of Philosophy
in the subject of
Chemistry

Harvard University
Cambridge, Massachusetts

April, 2018

© 2018 – Kimberli Jean Kamer
All rights reserved.

ii

Dissertation Advisor: Professor Vamsi K. Mootha

Kimberli Jean Kamer

Regulation of the mitochondrial calcium uniporter by the MICU1/MICU2 complex:
from biochemistry to human disease
Abstract
The mitochondrial calcium uniporter is an evolutionarily ancient calcium channel, with
purported roles in many areas of cellular and organismal physiology from excitation: energetic
coupling to cell death. The molecular components of the uniporter were elusive until 2010, when
the inaugural component, MICU1, was identified and the remaining components were identified
shortly thereafter. Here, we explore the function of both MICU1 and MICU2, ranging from
protein biochemistry to human disease.
We start with protein biochemistry and cellular physiology to define the role of MICU1
and MICU2 in uniporter function. Chapters 2 and 3 unveil the discovery of MICU2 and show that
MICU1 and MICU2 are negative regulators of the uniporter in the intermembrane space. In
Chapter 4, we show that the calcium binding affinities of MICU1 and the MICU1/MICU2 complex
control the calcium concentration needed to disinhibit the uniporter. We provide further support
for this model in Chapter 5, showing that MICU1 and MICU2 contribute to the selectivity of the
uniporter complex, preventing manganese transport through the channel unless sufficient
calcium is present. Together, these data converge on a model in which the apo (calcium-free)
MICU1 and MICU2 inhibit the uniporter, keeping the channel closed; when calcium
concentrations rise above ~600 nM, calcium binds to MICU1 and MICU2, allowing the channel
to open.
In Chapters 6 and 7, we move from biochemistry to organismal physiology. Chapter 6
discusses the cardiovascular phenotype of Micu2 knockout mice. These mice have diastolic
dysfunction and, strikingly, when treated with Angiotensin II to induce hypertension, almost one-
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third of the knockout mice die from abdominal aortic aneurysm rupture. We explore the clinical
presentation of two cousins with MICU1 deficiency in Chapter 7. Patients with MICU1 loss-offunction mutations present with a neuromuscular syndrome, including fatigue and lethargy.
Calcium physiology experiments in patient fibroblasts reveal a defect in mitochondrial calcium
handling suggesting matrix calcium overload, consistent with MICU1 deficiency.
Great progress has been made in the past several years, but many important
discoveries are still to come. Structural insights into the functional uniporter channel, the
MICU1/MICU2 complex, and ultimately the holocomplex will be critical next steps. Furthermore,
we need to better understand the uniporter’s role in physiology and human disease.
Synthesizing our knowledge of the uniporter structure, function, and roles in pathophysiology
may lead to exciting new therapeutics targeting the uniporter for both rare and common disease.
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Chapter 1. Introduction to the molecular era of the mitochondrial calcium uniporter1

This chapter was reproduced in part from: Kamer, K.J. and Mootha, V.K. The molecular era
of the mitochondrial calcium uniporter. Nat. Rev. Mol. Cell. Biol. (2015)
1

1.1. Overview
The mitochondrial uniporter is an evolutionarily conserved calcium channel whose
biophysical properties and relevance to cell death, bioenergetics and signaling have been
investigated for decades. However, the genes encoding this channel have only recently been
discovered, opening up a new “molecular era” for studying its biology. We now know that the
uniporter is not a single protein but rather a macromolecular complex consisting of pore-forming
and regulatory subunits. We review recent studies harnessing the power of molecular biology
and genetics to characterize its mechanism of action, evolution, and contribution to physiology
and human disease.

1.2. Introduction to the uniporter
Calcium is an incredibly versatile signaling molecule — being linked to diverse
processes ranging from fertilization and muscle contraction to cell death. It has been aptly
dubbed the “life and death signal.”1 Mitochondria are among the most important regulators and
targets of calcium signaling: these organelles can be positioned strategically throughout the cell
and have established roles in energy homeostasis and even cell death.
Evidence for an intimate relationship between calcium and mitochondria dates back
more than fifty years, when multiple groups simultaneously discovered that purified and
energized mitochondria uptake and buffer large amounts of calcium when provided phosphate.24

It is notable that much progress was made in understanding mitochondrial calcium physiology

at the same time that the principles of chemiosmotic coupling were being elucidated. Later
studies showed that calcium transport occurs across the mitochondrial inner membrane via a
“uniporter,” transporting calcium in an electrogenic manner, dissipating the membrane potential
generated by the respiratory chain while not requiring co-transport with an anion or exchange
for another cation.4 Flux studies in isolated mitochondria suggested a channel mechanism,4
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Figure 1-1 Continued: The calcium uniporter: context and components
(a) Important channels, exchangers and pumps in the mitochondrial inner membrane. From left
to right are: the respiratory chain (RC), which pumps out protons (H+) to create the pH gradient
across the inner membrane; the F1Fo ATPase (F1Fo), which dissipates the pH gradient to make
ATP; the sodium–calcium exchanger (NCLX), which is thought to be the main calcium efflux
path in mitochondria; the phosphate carrier (PiC) which brings phosphate into the matrix,
supporting phosphate-dependent processes such as ATP synthase activity; the calcium
uniporter complex; the SCaMC family, which contain EF hand calcium-binding motifs and
transport phosphates; and the putative Ca2+/H+ exchanger (which has been suggested to be
LetM1). (b) The five human uniporter components. A linear overview of their domain
architecture, showing the predicted mitochondrial targeting signal (MTS), transmembrane
domain (TM), EF hand domain (EF), calcium-binding sites (black circles), “DIME” conserved
motif, coiled coil domain (CC) and C-terminal acidic domain (CAD) for each protein. (c,d) The
uniporter complex is shown in schematic form. The components of the (c) human and (d) D.
discoideum uniporters are shown. The human uniporter consists of the transmembrane proteins
MCU, MCUb and EMRE, together with the intermembrane space proteins MICU1, MICU2, and
likely MICU3. The D. discoideum uniporter consists of an MCU homolog and a putative MICU1
homolog. The components required for calcium transport in vivo are colored, and the regulatory
subunits that are dispensable for calcium transport activity are in grey. (e) Phylogenetic
conservation. The phylogenetic tree indicates the presence (+) or absence (-) of a uniporter
current in the species shown, together with the number of homologs for each of the uniporter
proteins that are present in the genome of each species.
Since these early studies, numerous roles have been ascribed to the uniporter. For
example, mitochondrial matrix calcium was shown to activate three matrix dehydrogenases.8
Consistent with this observation, uniporter-mediated calcium uptake can lead to an alteration in
the redox metabolic state of mitochondria, so that even after a transient alteration in cytosolic
calcium concentration has passed, mitochondria exhibit a “metabolic memory” of the event.9
Also, mitochondrial uptake of calcium can shape the frequency and amplitude of cytosolic
calcium waves.10 Finally, almost all forms of cell death are associated with overload of calcium
in mitochondria.11,12
Although great progress was made in understanding the physiology of the uniporter, its
molecular identity remained a mystery. Most of these early studies monitored calcium uptake
into mitochondria using either small molecule or genetic reporters of calcium and were aided by
the use of ruthenium red and Ru360 as highly potent chemical inhibitors of the uniporter. These
drugs have been particularly useful for studies of purified mitochondria and for electrophysiology
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studies of mitoplasts.5 However, they are not cell permeable and they have additional targets
within the cell,13,14 which limits their use in vivo and in intact cells.
A series of discoveries over the past eight years, propelled by advances in genomics,
have revealed the genes encoding the uniporter. We now appreciate that it is a macromolecular
complex, consisting of pore-forming and regulatory subunits. With the molecular identities of the
uniporter proteins in hand, we can now delve deeper into how the complex works and why it is
important in cells and in whole organisms. Here, we review recent progress in our
understanding of the uniporter function, regulation, and role in physiology and disease, followed
by a brief overview of the following chapters of this thesis.

1.3. Molecular components of the uniporter complex
For decades, the molecular identities of the proteins comprising the uniporter remained
unknown. The completion of the mammalian mitochondrial protein list, MitoCarta, marked the
first step towards the molecular era of the uniporter.15 Classical physiological observations were
also crucial: it was shown decades ago that Saccharomyces cerevisiae lack mitochondrial
uniporter activity,16 whereas Trypanosoma cruzi mitochondria exhibit membrane potentialdependent calcium uptake into mitochondria in a ruthenium red-sensitive manner, which is
compatible with uniporter activity.17 Searching for MitoCarta proteins with homologs in
trypanosomes but not in yeast led to the identification of mitochondrial calcium uptake 1
(MICU1), the first uniporter component to be reported in 2010.18 MICU1 is a regulatory subunit
of the complex with calcium-binding EF hand domains.18 The pore-forming subunit
mitochondrial calcium uniporter (MCU) was identified soon after via integrative genomics using
MICU1 and the MitoCarta inventory.19,20 MICU2 and MCUb (also known as CCDC109B), which
are paralogs of MICU1 and MCU, respectively, were subsequently confirmed to be involved in
the uniporter complex.21,22 Both MICU2 and MCUb physically interact with other uniporter
components and seem to have regulatory roles. Finally, in 2013, the uniporter holocomplex was
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characterized for the first time using affinity purification and quantitative proteomics, revealing
that the complex also contains one additional small membrane-spanning protein, essential MCU
regulator (EMRE, also known as SMDT1).23 EMRE was shown to be an essential member of
the uniporter complex and to be required for mitochondrial calcium uptake.23 Although this study
only considered a single cell type (HEK-293T cells), all of these components – MCU, MCUb,
MICU1, MICU2 and EMRE (Figure 1-1B, C) – seem to be ubiquitously expressed in all
mammalian tissues. MICU3, a paralog of MICU1 and MICU2, shows preferential expression in
the central nervous system (CNS), raising the possibility that there is tissue-specific variation in
composition of the uniporter complex.21

1.3.1. The “minimal” uniporter
Since the discovery of MCU, multiple lines of evidence have indicated that it is essential
for calcium transport and that it is the pore-forming subunit of the channel. Initially, it was shown
that MCU oligomerizes,19 and mutations in key acidic residues that may interact with calcium
ions and provide a selectivity filter by analogy to other calcium channels24 (including D261A and
E264A) abolish calcium uptake activity.19,20 A single point mutation near the entrance to the
channel (S259A) confers near complete resistance to the classical uniporter inhibitor Ru360,19
suggesting that MCU is either the direct target of Ru360 or that it is mechanistically very close.
Importantly, whole-mitoplast voltage-clamping experiments later confirmed that loss of MCU
indeed leads to a loss of the electrophysiologically defined uniporter current.25 Furthermore, the
Dictyostelium discoideum MCU homolog is by itself sufficient to reconstitute mitochondrial
calcium transport when expressed in yeast, which lacks uniporter components altogether
(Figure 1-1D,E).26
Although there is broad consensus that human MCU is indeed the pore-forming subunit,
it has not been clear whether it is sufficient for reconstitution of the calcium transport activity of
the channel. In vitro experiments initially suggested that human MCU alone is sufficient to
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transport calcium in planar lipid bilayers,20 but the electrophysiological properties of such
transport are distinct from those reported previously for the uniporter25 and another study using
planar lipid bilayers has since suggested that the human MCU is not sufficient.27 Moreover,
expression of human MCU alone in yeast mitochondria does not reconstitute uniporter activity.26
The discovery of EMRE has helped to resolve this discrepancy. EMRE is a metazoan-specific
protein that is part of the uniporter complex and is necessary for uniporter activity in mammalian
cells.23 Heterologous co-expression of EMRE together with human MCU is sufficient to
reconstitute uniporter activity in yeast.26 It thus seems that the minimal human uniporter in vivo
requires both MCU and EMRE (Figure 1-1C). Furthermore, the observation that D. discoideum
MCU conducts calcium in the absence of an EMRE homolog is consistent with the molecular
phylogeny: EMRE homologs only occur in metazoa (Figure 1-1E).23 These findings together
definitively show that MCU is involved in forming the pore of the channel; however, they also
raise the question of how metazoan MCU differs from MCU homologs in other organisms
lacking EMRE. Interestingly, EMRE in mammalian cells seems to have two prominent functions:
it is required for uniporter current and it mediates the interaction of MICU1 and MICU2 with
MCU.23
Recently, a structure of the MCU oligomer from Caenorhabditis elegans was reported,
which is an important first step to determining architecture of the uniporter pore.28 This nuclear
magnetic resonance (NMR) structure includes the transmembrane, pore-forming region and part
of the protein that extends into the matrix (with a large N-terminal truncation). The protein forms
a pentamer, as evidenced by size exclusion chromatography combined with multi-angle light
scattering (SEC-MALS) and three-dimensional reconstruction from negative stain electron
microscopy (EM) images. The structure along with further ion binding experiments using the
same protein29 reveal that the uniporter contains a double ion binding ring that serves as the
selectivity filter at the entrance to the pore. This complex forms a closed channel, which is likely
due to the absence of EMRE, which is necessary for the channel to transport calcium.
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Additionally, it is unclear if the presence of EMRE or the N-terminal domain of MCU in the fulllength protein would alter the oligomeric state. A structure of a functional uniporter channel will
be an important next step in the field.

1.3.2. Regulation of the uniporter by MICU1 and MICU2
Mitochondria can discriminate between different types of incoming calcium signal.1 It has
long been known that the uniporter is activated by cytosolic calcium,30-32 although the underlying
molecular mechanisms were not clear. To this end, the calcium-binding EF hand-containing
proteins MICU1 and MICU2, which associate with the pore complex in the intermembrane
space23,33-35 and thus appear to sense cytosolic calcium concentrations, now seem to be key
mediators of uniporter signal processing.
Understanding the roles of MICU1 and MICU2 — and, in particular, differentiating
between them — has been challenging.36 The cross-stabilization of uniporter proteins, which is
especially prominent between MICU1 and MICU2,21,37 has complicated the interpretation of the
early knockdown experiments. Moreover, silencing of these components can also decrease the
expression levels of MCU in a tissue- and cell type-specific manner, which makes it difficult to
determine whether a phenotype is directly or secondarily related to the gene being silenced.
With the advent of knock out technologies, including transcription activator-like effector
nucleases (TALEN)38 and clustered regularly interspaced short palindromic repeats (CRISPR),39
however, addressing these issues is possible. For example, only with complete knock out of
MICU2 can MICU1 be manipulated independently of MICU2. With this knowledge in mind and
tools for genome editing at our disposal, recent studies have clarified the roles of MICU1 and
MICU2.
Much progress has been made toward understanding the function of MICU1 and MICU2,
and we now are converging on a model to describe their function in uniporter activity. When
MICU1 was first identified, loss of function studies revealed a severe defect in mitochondrial
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calcium handling, establishing MICU1 as a key regulator of the uniporter.18 Subsequent studies
clarified that MICU1 functions as a “gatekeeper” that sets the extra-mitochondrial calcium
concentration threshold for uptake of calcium into mitochondria.33,40 Since then, MICU2 — a
paralog of MICU1 — was shown to be intricately linked to MICU1 both physically and
functionally.37 In fact, knock out of either MICU1 or MICU2 in cells results in mitochondria taking
up calcium at a lower concentration threshold.37,41,42 Initially, there was confusion about the submitochondrial localization of MICU1 and MICU2, but orthogonal methods now clearly indicate
that they are localized to the intermembrane space.23,33-35 There was additional confusion about
the role of MICU1: in the first model, which is gaining more support, MICU1 tonically inhibits the
uniporter,37,41,42 and a rise in cytosolic calcium concentration functions to disinhibit the pore
activity; another model proposes that a rise in calcium concentration leads to MICU1-mediated
uniporter activation.43 We have recently shown that the calcium binding affinity of MICU1/MICU2
controls the calcium threshold for disinhibition of the uniporter and that manipulating MICU1 and
MICU2 can influence this threshold. This data supports the first model, where MICU1 is an
inhibitor of the uniporter.41 Overall, it is now clear that MICU1 and MICU2 work together to
sense cytosolic calcium concentration to disinhibit the pore (Figure 1-2).37,43 The emerging
model is that MICU1 and MICU2 work together to inhibit the uniporter to prevent low [Ca2+] from
passing through, but this inhibition is relieved when calcium binds to their EF hands.37,43
In addition to the functional roles of MICU1 and MICU2, we would like to understand
their mechanism of uniporter inhibition, for which a structural analysis is a critical starting point.
Crystal structures of MICU1 have been reported and confirm that MICU1 has two calciumbinding EF hand domains, each of which is paired with a structural EF hand that does not bind
calcium.44 MICU1 (with an N-terminal truncation leaving the EF hand domains intact) forms a
homodimer, which trimerizes in the apo (calcium-free) state;44 however, the surface area of the
interaction is small between the trimer interfaces,45 suggesting this interaction may be weak. On
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Figure 1-2: Regulation of the uniporter by calcium Nature Reviews | Molecular Cell Biology
The current model for the regulation of the uniporter by calcium is shown in schematic form. (a)
When [Ca2+] in the intermembrane space (IMS) is low, MICU1 and MICU2 inhibit calcium uptake
through the uniporter. (b) When [Ca2+] rises, such as during a signaling event, the inhibition is
relieved and calcium is transported through the uniporter. The red triangles indicate calcium
ions.

the other hand, the calcium-bound form (with an additional truncation of the C-terminal alpha
helix) forms a homodimer, but may form higher order oligomers when the C-terminal alpha helix
is present. Several important questions remain. For example, both the oligomeric state of
MICU1 in vivo and how MICU1 interacts with the rest of the uniporter complex, including
MICU2, are yet unclear. MICU1 and MICU2 may interact via a mixed disulfide bond through a
cysteine in each of their C-terminal alpha helices, which may be mediated in vivo by MIA40.43,46
However, this putative disulfide bond is dispensable for their cross-stabilization in vivo, since
removing the whole C-terminal helix of MICU1 does not inhibit the stabilization of MICU2 by
MICU137 and the two proteins form a heterodimer in vitro without the disulfide bond.41 More
structural information in combination with careful genetic studies will be crucial to uncover the
mechanism of MICU1 and MICU2 regulation of the uniporter.

1.3.3. Additional layers of regulation
Molecular studies show that multiple mechanisms are likely involved in the regulation of
uniporter activity beyond those involving MICU1 and MICU2. It has long been known that
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uniporter activity can vary across developmental timepoints47 and across tissues.48 This
temporal and tissue-specific control may be mediated by a combination of regulatory modes.
Several additional proteins within the uniporter complex may tune the uniporter activity.
MICU1 and MICU2 have another paralog– MICU3 – the expression of which is largely confined
to the CNS. Although MICU3 has not yet been studied, if MICU3 functions similarly to MICU1
and MICU2, it may play a role in fine-tuning the uniporter’s calcium threshold for incoming
calcium signals in the CNS. Another uniporter component, MCUb, has been suggested to be a
negative regulator of the uniporter complex.22 MCUb, similarly to its paralog MCU, has two
predicted transmembrane domains (Figure 1-1B). It has been shown to interact with MCU by
co-immunoprecipitation22,23 and to reduce mitochondrial calcium uptake.22 The mechanism by
which MCUb regulates uniporter activity is still unclear, but learning more about calcium
transport through the pore and how MCUb is associated with MCU may help to shed light on
MCUb-mediated regulation.
Another regulatory mechanism involves the uniporter quality control by the ATPdependent mAAA proteases AFG3L2 and SPG7.49,50 These proteases are in the mitochondrial
inner membrane and are important for mitochondrial proteostasis, including regulating EMRE
levels. Under normal conditions, these proteases degrade extra EMRE that is not assembled
with MCU. This reduction in EMRE levels may be important in preventing extra EMRE from
sequestering the MICU1/MICU2 complex from MCU/EMRE complexes. Consequently,
deficiency of this mAAA protease activity can lead to uniporter channels that are not regulated
by MICU1/MICU2. Thus, the uniporter is regulated not only by bona fide uniporter complex
members, but also by mitochondrial proteases.
Other mitochondrial inner membrane proteins have been proposed to regulate uniporter
activity; however, it is unclear if their roles are direct (in the uniporter complex) or indirect (for
example, affecting the driving force for calcium uptake). For example, genetic manipulation of
SCaMC-3 (also known as SLC25A23) has been shown to be important for uniporter activity,51
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but this protein is known to control phosphate transport,52 which is itself crucial for uniporter
activity as phosphate buffers calcium within the matrix.4 In addition, RNAi-mediated knockdown
of CCDC90A (also known as MCUR1) alters mitochondrial calcium uptake. In one study,
CCDC90A was shown to co-immunoprecipitate with MCU,53 although another study
characterizing MCU interactors with quantitative proteomics did not reveal this protein.23
However, CCDC90A has an ortholog in yeast (an organism lacking uniporter activity) that was
recently shown to be important for the assembly of cytochrome c oxidase (complex IV).54 Taken
together, in our opinion, the data provide strong evidence that the involvement of CCDC90A in
uniporter activity is indirect, likely via influencing the respiratory chain, which generates the
driving potential for mitochondrial calcium transport. Other proteins, including the mitochondrial
sodium-calcium exchanger (NCLX),55 the leucine-zipper EF-hand containing transmembrane
protein 1 (LETM1)7 and uncoupling protein 2 and 3 (UCP2 and UCP3),56 have been shown to
influence mitochondrial calcium uptake and efflux, likely through other mechanisms independent
of the uniporter complex.
Studies are also beginning to elucidate how the uniporter is regulated at the level of
gene expression and post-translational modification. Transcriptional regulation has been shown
to occur through the calcium-dependent transcription factor cyclic AMP response-element
binding protein (CREB), which binds to the MCU promoter.57 Synaptic activity was shown to
repress Mcu transcription through a calmodulin kinase–dependent mechanism.58 Posttranscriptional regulation has been shown in some cell lines to involve microRNA-25 (miR-25),
which can modulate MCU gene expression and activity.59 Additional regulation of the uniporter
through post-translational S-glutathionylation of MCU (Cys97) has also been proposed, which
may allow mitochondria to respond to oxidative stress by activating the uniporter.60 In the
coming years, it will be exciting to see how direct activity of the uniporter may be able to feed
back onto these gene regulatory networks to influence its own expression.
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1.4. Evaluating the role of the uniporter in physiology and disease
Before the molecular discovery of the uniporter machinery, the hypothesized
physiological roles of the uniporter — based on correlative studies — included: feed-forward
control of ATP homeostasis via calcium-mediated activation of mitochondrial matrix
dehydrogenases; modulating the duration of cytosolic calcium signals by buffering cytosolic
calcium; and control of cell death.4 The identification of the molecular components of the
uniporter provides the opportunity to test these and other hypotheses more directly using
genetic tools.

1.4.1. Cellular studies
The uniporter seems to be dispensable in cell culture: complete loss of MCU is
compatible with growth and proliferation in cell culture at baseline in all cell types reported thus
far.23,61,62 Conveniently, this makes it possible to re-visit these three purported roles of the
uniporter using different cell lines as model systems.
Multiple studies now endorse a role for the uniporter in what we term “excitation:
energetic coupling” via matrix dehydrogenase activation. Both the activity of the pyruvate
dehydrogenase (PDH) complex and ATP concentration can be affected by the manipulation of
uniporter components in vitro. PDH is activated by mitochondrial matrix calcium indirectly
through the calcium-sensitive PDH phosphatase catalytic subunit 1 (PDP1): calcium activates
PDP1, which dephosphorylates PDH, thereby increasing its activity.8,61 Uniporter activity should
thus be correlated with decreased phosphorylation of PDH and increased PDH activity. As
expected, loss of MCU in skeletal muscle mitochondria results in increased PDH
phosphorylation and concomitantly decreased PDH activity.61 MICU1 knockdown in HeLa cells
— leading to increased basal levels of calcium in the mitochondrial matrix — decreases the
phosphorylation of PDH, as expected.40 Furthermore, pancreatic beta cells with ablated MCU
exhibit decreased ATP concentration following glucose stimulation. This contributes to
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diminished glucose-stimulated insulin secretion,63 which seems to be particularly important for
sustained insulin secretion.64 Thus, several in vitro studies provide compelling genetic evidence
for a role of the uniporter in excitation: energetic coupling.
Genetic manipulation of MCU has also revealed the uniporter’s involvement in regulating
transient fluxes in cytosolic calcium, a process that seems to have many links to immune
function. To this end, it was shown that leukotriene receptor calcium signaling is influenced by
the uniporter.65 Knocking down Mcu in rat basophils resulted not only in ablated mitochondrial
calcium uptake in response to leukotriene receptor stimulation with leukotriene C4 (LTC4) but
also faster dampening of cytosolic calcium oscillations and suppression of calcium-dependent
gene expression following stimulation. The uniporter seems to be important for two additional
processes of relevance to immune signaling: store-operated calcium entry (SOCE) and
activation of the NLRP3 inflammasome. Specifically, loss of MCU has been shown to reduce
SOCE after inositol trisphosphate-mediated calcium release66 and to blunt activation of the
NLRP3 inflammasome induced by both the membrane attack complex in human lung epithelial
cells67 and by Pseudomonas aeruginosa in airway epithelial cells from patients with cystic
fibrosis.68 Taken together, these lines of evidence confirm a role of the uniporter in cellular
calcium signaling and point to its importance in the immune system.
The role of the uniporter in cell death and apoptosis remains ambiguous and
controversial: genetic manipulation of uniporter components has yielded evidence both
supporting and refuting the involvement of the uniporter in cell death. In support of a role for
uniporter function in exacerbating apoptosis, it has been shown that MICU1 knockdown human
cell lines and MCU over-expressing human cell lines — both of which have increased uniporter
activity — are sensitized to apoptotic stress.20,40 Similarly, MCU overexpression in Trypanosoma
brucei leads to increased sensitivity to apoptotic stress.69 Consistent with these results,
increased miR-25 levels (which lead to decreased MCU levels) are protective against apoptotic
stimuli, whereas anti-miR-25 (which leads to increased MCU levels) sensitizes cells to apoptotic
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stimuli.59 However, several other studies found no difference in sensitivity to apoptosis with
genetic manipulation of MCU. These studies include MCU over-expression in a human breast
adenocarcinoma cell line70 and Mcu-knockout mouse embryonic fibroblasts61 exposed to
apoptotic stimuli. Future studies will be required to understand the precise role of the uniporter
in cell death.

1.4.2. Whole organism studies
Perhaps the greatest surprise in the molecular era of the uniporter is that whole
organisms can survive without the uniporter. Mcu knockout can be tolerated in many organisms,
including trypanosomes, worms and mice. Although cellular studies clearly indicate that genetic
manipulation of the uniporter can affect processes such as neurotransmission, growth and
differentiation, and basic immune function, whole organisms are tolerant of its loss. Below we
discuss the consequences of complete loss of MCU in vivo.
Loss of MCU in T. brucei has multiple consequences in vivo.69 Both the procyclic and
bloodstream trypanosome forms exhibit a growth defect with MCU knockdown. In the procyclic
form, MCU loss results in increased autophagy, which is consistent with experiments in HeLa
cells.40 It is of particular interest that MCU loss in the bloodstream trypanosome form has
consequences, including growth rate defects, even though these trypanosomes have almost no
mitochondrial oxidative phosphorylation and rely on glycolysis for survival. These data indicate
that the uniporter has roles outside of activating the mitochondrial matrix dehydrogenases to
increase flux through the mitochondrial respiratory chain. Perhaps most remarkably, MCU loss
in these bloodstream forms of T. brucei results in decreased infectivity in mice. The mechanism
for this will require further investigation, which may lead to a better understanding of the
involvement of mitochondrial calcium in infectivity and could suggest a therapeutic target for
trypanosomal disease.
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More recently, the MCU ortholog in C. elegans was knocked out, leading to ablated
mitochondrial calcium uptake, as anticipated.71 These worms are both viable and fertile. The
phenotype observed was a deficiency in the wound healing process, which is proposed to occur
through uniporter-mediated control of the production of mitochondrial reactive oxygen species
(mtROS). Cellular studies using mammalian cell lines, however, have produced conflicting
results as to whether MCU regulates mtROS generation,33,40,69,70 though cellular studies have
suggested that mtROS may feedback on the activity of the uniporter through cysteine
oxidation.60
Whole body Mcu loss can also be tolerated in mice on a mixed genetic background.61
Mcu knockout was found to be lethal on the C57BL/6 mouse genetic background, but knockout
mice were viable, albeit with reduced numbers, on an outbred CD1 background.72 Mcu-knockout
CD1 mice were overtly normal but had reduced exercise tolerance. This is consistent with a
cellular role for the uniporter in stimulating tricarboxylic acid (TCA) cycle activity during calcium
signaling events (such as muscle contraction during exercise). Additionally, knockdown and
overexpression of Mcu in mouse skeletal muscle reveals a relationship between uniporter
activity and skeletal muscle trophism, probably mediated by the transcriptional coactivator PGC1α4: decreased Mcu expression resulted in skeletal muscle atrophy, and increased Mcu
expression resulted in hypertrophy.73
Characterization of whole body Mcu KO mice did not reveal cardiac defects at baseline,
but several subsequent mouse studies are now linking the uniporter with cardiovascular
homeostasis, which may be a result of its importance in excitation: energetic coupling.61,74-78 For
example, loss of uniporter activity in sinoatrial node cells in mouse heart through the
overexpression of a dominant negative Mcu suggests a link to bioenergetics: although wild-type
and mutant animals were indistinguishable at baseline, the blunted increase in the heart rate of
mutant mice in response to β-adrenergic stimuli revealed a role for uniporter activity in the “fightor-flight” response.78 Additionally, Micu2 KO mice exhibit dilated cardiomyopathy, and their
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cardiomyocytes have altered cytosolic calcium reuptake kinetics.79 Moreover, these mice are
prone to lethal aortic aneurysm rupture upon treatment with Angiotensin II.79 Finally, mice with a
cardiac specific Tfam deletion—the main transcription factor for mitochondrial DNA (mtDNA)—
also exhibit dilated cardiomyopathy, and, in addition to mitochondrial dysfunction due to a
deficiency of oxidative phosphorylation, they display both increased uniporter activity and
increased Mcu expression in cardiomyocytes.80 Given the critical importance of bioenergetics in
the heart, it is not surprising that the uniporter is implicated in cardiovascular dysfunction.
Whole body Micu1 KO mice present a more dramatic phenotype than Mcu KO mice,
starting from birth. While Micu1+/- mice breed in Mendelian ratios, Micu1-/- mice exhibit
significant perinatal mortality. Similarly to the Mcu KO mice, exercise intolerance is observed (in
the Micu1 KO mice that survive), which may be a result of skeletal muscle myopathy. Micu1 KO
mice also exhibit a reduction in splenic B cells, which may implicate the immune system in
uniporter pathophysiology, though the significance of this observation is still unclear.81 Given the
growing appreciation of a role for the uniporter in immune signaling in cellular studies, it is
conceivable that, in addition to its importance in the cardiovascular system and skeletal muscle,
the uniporter complex confers a fitness advantage in response to pathogens that has favored its
retention.
Overall, whole organism studies are beginning to reveal the physiological importance of
the mammalian uniporter, including in skeletal muscle and in the heart.

1.4.3. Human disease
The first human inborn errors of the uniporter are now being recognized. Truncating
mutations in MICU1 that lead to complete loss of its expression result in a Mendelian syndrome
of skeletal muscle myopathy, learning disability and movement disorder.82-84 Pathology from
MICU1 loss manifests in a tissue-specific manner, reminiscent of other mitochondrial
disorders.85 However, loss of MICU1 does not coincide with impairment in the activity of the
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respiratory chain. It is notable that MCU or MICU1 loss in mice and MICU1 loss in humans both
result in skeletal muscle pathology. An important future challenge lies in determining whether
patients with mutations in MICU1 have involvement of other organ systems. Mutation in MICU2
leading to loss of function has also recently been reported, but future studies will be needed to
rigorously determine if the reported neurological impairment is tied to the MICU2 genotype.86

1.5. Chapter preview
My objective in this thesis was to uncover the regulation of the mitochondrial calcium
uniporter through the proteins MICU1 and MICU2. This exploration ranged from biochemistry to
cellular physiology, all the way to human disease. In the following chapters, I present progress
toward understanding the function of MICU1 and MICU2 starting out using cellular physiology
and protein biochemistry, followed by organismal physiology.
In Chapter 2, we start out shortly after the identification of MICU1 and MCU and expand
the uniporter complex components to include MICU2 and MICU3, which are EF hand-containing
paralogs of MICU1. We find that the tissue expression of MICU1 and MICU2 are strongly
correlated, MICU3 seems to be almost exclusively expressed in the CNS and the skeletal
muscle. Thus, we focus our work on MICU2, showing that MICU1 and MICU2 interact with each
other and the uniporter pore (MCU) by co-immunoprecipitation experiments. We further
demonstrate that MICU1 and MICU2 display protein-level cross-stabilization, further supporting
their interaction as a complex. We also clear up the sub-mitochondrial localization of MICU1 and
MICU2, which had previously been a point of contention in the field. We find that both are
localized in the mitochondrial intermembrane space (IMS) using two complementary methods: a
protease protection assay and an ascorbate peroxidase tag in conjunction with electron
microscopy.
Chapter 3 focuses on our initial investigation of the physiological function of MICU1 and
MICU2 in cellular studies. We show that MICU1 and MICU2 both act as negative regulators of
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the uniporter, only allowing calcium entry through the channel when calcium concentrations rise
above a threshold calcium concentration. We show that this process requires both MICU1 and
MICU2 to have functional, calcium-binding EF hand domains. Additionally, we show that MICU2
cannot function or interact with the uniporter complex in the absence of MICU1, while MICU1
can function in the absence of MICU2. Finally, we propose a preliminary model in which MICU1
and MICU2 inhibit the channel at low calcium concentrations, but their inhibition is relieved as
calcium concentrations rise.
After the initial functional characterization of MICU1 and MICU2, we took a more
biophysical approach. In Chapter 4, we show that MICU1 and MICU2 in vitro form a
heterodimeric complex and both indeed bind calcium, as would be predicted by their EF hand
domains. We show that MICU1 has higher affinity for calcium than MICU2, though both bind
calcium in the sub-micromolar range. Additionally, the MICU1-MICU2 complex has a calcium
affinity of ~600 nM. Finally, we follow up protein biochemistry experiments with cellular
physiology experiments, showing that the calcium threshold in the cell aligns with the calcium
binding affinity of the MICU1/MICU2 heterodimer in wild-type (WT) cells, with MICU1 only in
cells lacking MICU2, and the threshold is even lower in cells lacking MICU1 and MICU2. These
functional data in combination with our protein biochemistry experiments support a model in
which the calcium binding affinity of the MICU1-MICU2 complex sets the threshold of the
uniporter.
In Chapter 5, we investigate the ion selectivity of the uniporter in an unconventional way.
We open with a chemical-genetic screen using WT, MICU1 KO, or MCU KO HEK-293T cells
and exposing them to various doses of a series of metals. Interestingly, cells lacking MICU1
were more sensitive to manganese, while cells lacking MCU were more resistant to manganese
than WT cells. We followed up this cellular toxicity experiment with an in vivo experiment using
C. elegans, finding that C. elegans lacking MCU are more resistant to manganese than WT,
consistent with our cellular results. Thus, we hypothesized that manganese can be transported
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through the uniporter when the channel lacks MICU1, but MICU1 normally functions inhibiting
manganese transport. We tested this hypothesis using cellular physiology experiments of
manganese transport, followed by electrophysiology and protein biochemistry. Ultimately, we
present a model where MICU1 inhibits the uniporter to both calcium and manganese transport;
MICU1 can be disinhibited by calcium binding, but not by manganese binding. Thus, cells
lacking MICU1 exhibit increased sensitivity to mitochondrial manganese toxicity.
We take a turn from biochemistry and cellular physiology in the first few chapters into
mouse physiology in Chapter 6. We present a Micu2 knockout mouse model, which shows
impaired uniporter activity in isolated liver mitochondria, consistent with Micu2 loss.
Cardiomyocytes from these mice exhibit impaired calcium signaling as well: they have delayed
sarcomere relaxation and slower cytosolic calcium reuptake kinetics, indicative of diastolic
dysfunction. Gene expression analysis implicated Angiotensin II signaling, prompting further
experimentation with Angiotensin II treatment. Strikingly, about 30% of the knockout mice die
from an abdominal aortic aneurysm after hypertension is induced with Angiotensin II, whereas
control animals do not exhibit mortality. Single-cell RNA-seq of the fibroblast and smooth
muscle cells of the aortic tissues showed increased expression of genes involving reactive
oxygen species, inflammation, and proliferation, implicating these pathways as having possible
roles in the response to Angiotensin II. Future work will be required to understand the intricate
interplay between the uniporter and both diastolic dysfunction and abdominal aortic aneurysms.
In Chapter 7, we present a rare human disease of MICU1 deficiency. Patients have a
neuromuscular disorder, presenting with fatigue and lethargy. These patients have high creatine
kinase, indicative of muscle breakdown and further pointing to a mitochondrial disorder.
Sequencing revealed a deletion in MICU1, rendering the protein nonfunctional, and we confirm
the absence of MICU1 protein by immunoblot from patient fibroblast cultures. Experiments with
patient fibroblasts show that mitochondrial calcium handling is indeed impaired, consistent with
increased basal matrix calcium level due to MICU1 loss. Additionally, we find decreased
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phosphorylated PDH levels in these fibroblasts, a process which is known to be regulated by
matrix calcium. As more and more MICU1 deficient patients surface, we hope to take further
steps to connect MICU1 function to the observed pathophysiology.
Finally, we end in Chapter 8 with an outlook toward the future. The last eight years since
the discovery of the first component of the uniporter’s molecular machinery have brought many
seminal discoveries including the uniporter holocomplex protein components and insights into
the regulation of the uniporter. We are just scratching the surface of understanding how the
function of the uniporter is related to organismal physiology. Further work toward a structural
and mechanistic understanding of the uniporter may yield exciting avenues for therapeutic
intervention for patients with MICU1 deficiency and even for more common disorders including
cardiovascular disease.
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Chapter 2. MICU1 and MICU2 are paralogous EF-hand containing proteins of the
mitochondrial calcium uniporter complex which reside in the intermembrane space1

1

This chapter was reproduced in part from the following publications:
Csordás, G.; Golenár, T.; Seifert, E.L.; Kamer, K.J.; Sancak, Y.; Perocchi, F.; Moffat, C.;
Weaver, D.; de la Fuente Perez, S.; Bogorad, R.; Koteliansky, V.; Adijanto, J.; Mootha, V.K.;
Hajnóczky, G. “MICU1 controls both the threshold and cooperative activation of the
mitochondrial Ca2+ uniporter,” Cell. Metab. (2013)
Lam, S.S.; Martell, J.D.; Kamer, K.J.; , Deerinck, T.J.; Ellisman M.H.; Mootha, V.K.; Ting, A.Y.
“Directed evolution of APEX2 for electron microscopy and proximity labeling,” Nat. Methods.
(2015)
Plovanich, M; Bogorad, R.L., Sancak, Y.; Kamer, K.J.; Strittmatter, L.; Li, A.A.; Girgis, H.S.;
Kuchimanchi, S.; De Groot, J.; Speciner, L.; Taneja, N.; O’Shea, J.; Koteliansky, V.; Mootha,
V.K. “MICU2, a paralog of MICU1, resides within the mitochondrial uniporter complex to
regulate calcium handling,” PLoS One (2013)

2.1. Summary
Mitochondrial calcium uptake occurs in nearly all vertebrate tissues and is believed to be
critical in shaping calcium signals, regulating ATP synthesis, and controlling cell death. Calcium
uptake occurs through a channel called the uniporter that resides in the inner mitochondrial
membrane. Recently, comparative genomics was used to identify MICU1 and MCU as the key
regulatory and putative pore-forming subunits of this channel, respectively. Using
bioinformatics, we report that the human genome encodes two additional paralogs of MICU1,
which we call MICU2 and MICU3, which likely arose by gene duplication and exhibit distinct
patterns of organ expression. We show that MICU1 and MICU2 are each localized to the
mitochondrial intermembrane space, and provide multiple lines of biochemical evidence that
MCU, MICU1 and MICU2 reside within a complex and cross-stabilize each other’s protein
expression in a cell-type dependent manner. The results identify MICU1, MICU2 and MICU3 as
a family of EF-hand containing regulators of the uniporter that reside in the intermembrane
space which may confer organ specific and temporal control of the mitochondrial calcium
uniporter.

2.2. Introduction
The ability of mitochondria to transport calcium is thought to be fundamental for the
regulation of cellular bioenergetics1,2 and cell death.3,4 Mitochondrial calcium uptake and
buffering enable these organelles to shape cytosolic calcium transients, resulting in
mitochondrial control over key biological processes, including neurotransmission and hormone
secretion.5,6 The primary route of calcium uptake is via a low affinity calcium “uniporter” located
in the inner mitochondrial membrane.7,8 This channel mechanism, defined by its dependence on
mitochondrial membrane potential, sensitivity to Ru-3609 and activation at micromolar calcium
concentrations, was first characterized in isolated mitochondria in 1961.7,8 In subsequent
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decades, the biophysical properties of the mitochondrial calcium uniporter were extensively
characterized,10,11 but its molecular identity remained elusive for decades.
Recently, observations from comparative physiology were coupled with integrative
genomics to identify two proteins required for normal mitochondrial calcium handling: MICU112
and MCU.13,14 Based on sequence analysis and functional studies, MCU is hypothesized to be
the channel-forming subunit of the uniporter.14,15 On the other hand, MICU1 was initially shown
to fulfill important criteria as a regulatory protein.12 This model has been subsequently
expanded, demonstrating that MICU1 likely functions as a “gatekeeper” of the uniporter,
keeping the channel closed to low concentrations of calcium.16,17 However, there are still many
discrepancies between models for MICU1 function, including a very fundamentally important
factor: the localization of MICU1 has not yet been determined.
For many decades, it has been known that the uniporter exhibits tissue specific
regulatory properties10,18 whose molecular basis remains to be elucidated. Interestingly, genome
sequence analysis reveals that the human genome harbors two additional MICU1 homologs,
called EFHA1 and EFHA2, neither of which has been previously studied. Both of these proteins
have mitochondrial targeting sequences and were previously identified with high and low
confidence, respectively, in MitoCarta, a proteomic characterization of mitochondria from 14
different tissues.19 Here, we pursue an initial characterization of one of these proteins, EFHA1,
which we re-name MICU2. We find that MICU2 and its paralog MICU1 reside in the
mitochondrial intermembrane space, display protein-level cross stabilization, and interact with
each other and with MCU by co-immunoprecipitation experiments.
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2.3. Results
2.3.1. MICU1, MICU2, and MICU3 form a family of paralogous genes
Previously, comparative genomics was used to identify MICU1, a mitochondrial protein
essential for mitochondrial calcium handling in HeLa cells.12 MICU1 (previously known as
CBARA1 or as EFHA3) has a mitochondrial targeting sequence as well as two evolutionarily
conserved EF hands. Sequence analysis reveals that MICU1 shares approximately 25%
sequence similarity with two human genes, EFHA1 and EFHA2, which have not been studied
before. These three proteins are conserved in vertebrates, whereas only one homolog is
present in plants and protozoa.
To elucidate the evolutionary relationship of these three human proteins, we performed a
multiple sequence alignment using homologs from vertebrates, plants and protozoa. This
analysis placed the protozoa and plant homologs as outgroups on a phylogenetic tree (Figure 21A), indicating that EFHA1 and EFHA2 are vertebrate paralogs of MICU1 that likely arose from
a gene duplication event prior to vertebrate evolution. We now re-name EFHA1 as MICU2, and
EFHA2 as MICU3.
Like MICU1, MICU2 and MICU3 have predicted N-terminal targeting sequences
consistent with mitochondrial localization.20 In proteomic studies, MICU2 and MICU3 were
detected in mitochondria from various mouse tissues, although their expression patterns
differed significantly.19 MICU1 was broadly expressed and detected in 12 out of 14 mouse
tissues. MICU2 was detected in 7 out of 14 tissues with strong expression in visceral organs. In
contrast, MICU3 was found in 6 out of 14 tissues, with a strong signature in skeletal muscle and
the central nervous system. Despite being detected in multiple mouse tissues, MICU3 lacked
other evidence of being mitochondrial, scoring just below the stringent threshold required to be
a part of the MitoCarta collection. This is in contrast to MICU2, which was
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Representative confocal images of HeLa cells cotransfected with MICU2-GFP and MitoHcRed1.
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reported in MitoCarta and localized to the mitochondria using high-content microscopy to
visualize its subcellular localization.
Analysis of published microarrays of MICU1, MICU2, and MICU3 across 15 different
mouse tissues revealed a similar expression pattern as predicted by MitoCarta (Figure 2-1B).
MICU2 was strongly expressed in visceral organs, whereas MICU3 was expressed almost
exclusively in neural tissues and skeletal muscle. Interestingly, MICU2 expression was
positively correlated with MICU1, whereas MICU3 appeared to be negatively correlated with
both paralogs (Figure 2-1B). In the present study, we focus on MICU2, due to stronger evidence
for mitochondrial localization and greater expression in visceral organs in which we can apply siRNA technology to achieve in vivo silencing.
Sequence comparison of human MICU1 and MICU2 reveals highly conserved domain
architecture (Figure 2-1C). Similar to MICU1, MICU2 has two EF-hands separated by a long
stretch of residues predicted to form a helix. The calcium-coordinating residues in the EF-hands
of MICU1 are highly conserved across species and are necessary for the function of MICU1.12
Likewise, MICU2 demonstrates perfect conservation in the acidic residues that cap the EFhands across evolution (Figure 2-1C).

2.3.2. MICU1 and MICU2 localize to the mitochondrial intermembrane space
We began by confirming that MICU2 localizes exclusively to mitochondria with confocal
microscopy, which was previously shown for MICU1.12 Confocal microscopy revealed that a
carboxy terminus GFP-tagged MICU2 overlapped with mitochondrial marker Mito-HcRed1
(Figure 2-1D), confirming the mitochondrial localization of MICU2.
Next, we examined the sub-mitochondrial localization of MICU1 and MICU2 using two
complementary approaches. In the first approach, we used a proteinase K (PK) digestion with a
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series of detergent concentrations to differentially permeabilize the inner and outer
mitochondrial membranes in HEK-293T cell mitochondria (Figure 2-2). MICU1 is protected from
proteolysis similarly to the intermembrane space proteins TIMM23 and OXA1L, whereas the
matrix proteins HSP60 and MCU do not get digested until the end of the series. All proteins
shown, however, are substrates for PK as evidenced by digestion in 1% Triton X-100.

Figure 2-2: Proteinase K digestion series reveals that MICU1 and MICU2 reside in the IMS
Mitochondria were treated with proteinase K (PK) with increasing concentrations of detergent.
Proteins with known localization along with MICU1 and MICU2 are immunoblotted and grouped
according to their topology (outer membrane, TOMM20; intermembrane space, TIMM23,
OXA1L, MICU1, MICU2; matrix, HSP60, MCU).
In a complementary approach to determine the sub-mitochondrial localization of MICU1,
we took advantage of an ascorbate peroxidase (APEX) tag. First, we generated HEK-293T cells
that had endogenous MICU1 knocked out using transcription activator-like effector nuclease
(TALEN) technology21 along with MICU1 linked to a second-generation optimized version of the
APEX tag, called APEX2.22 We stably expressed MICU1−APEX2 in these MICU1 KO cells.
Recombinant MICU1−APEX2 in these cells was able to fully restore gatekeeping of calcium
entry (Figure 2-3A−D). EM imaging showed APEX2 staining exclusively in the IMS but not in the
matrix (Figure 2-3E). Due to the high spatial resolution of this approach, we could also observe
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that MICU1−APEX2 was associated with the inner mitochondrial membrane (IMM) rather than
filling the entire IMS space (Figure 2-3E), as expected for a protein that forms a complex with
MCU. This result, coupled with recent proteomic evidence,6 strongly suggests that MICU1 is
exclusively localized in the IMS.
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2.4. MICU1 and MICU2 stabilize each other’s protein expression
In previous studies, MICU1 has been shown to regulate mitochondrial calcium uptake in
many different cell types.12,16,17 Since MICU1 and MICU2 are paralogs with conserved domain
architecture, it is possible that they have redundant roles and are expressed in a mutually
exclusive manner across different cell types. To address this possibility, we blotted whole cell
lysate from HeLa and HEK-293T cells for MICU1 and MICU2, which revealed expression of
both proteins (Figure 2-4A), and we confirmed that the antibodies do not cross-react, allowing
detection of MICU1 or MICU2 only (Figure S1-1). Interestingly, in the setting of MICU1
knockdown, there was a significant reduction in MICU2 protein expression in both HEK-293T
and HeLa cells despite preserved MICU2 RNA levels (Figure 2-4A, S1-2A). This phenomenon
was observed following treatment with multiple hairpins (shMICU1a and shMICU1b), indicating
that this result is a biological consequence of MICU1 loss rather than an off-target effect.
Conversely, overexpression of MICU1 resulted in higher levels of MICU2 in both HEK-293T and
HeLa cells (Figure 2-4B, S1-2C). Interestingly, in the setting of MICU2 knockdown, a reduction
of MICU1 was observed in HeLa cells (Figure S1-2A), but not in HEK-293T cells (Figure 2-4A).
Collectively, these studies demonstrate that MICU1 and MICU2 are expressed in multiple cell
types and that their protein expression is contingent on one another.

2.5. MICU2 associates with the MICU1/MCU complex.
Previous studies demonstrated that MICU1 and MCU physically interact either directly or
indirectly.13 To determine whether MICU2 physically interacts with these proteins, we performed
immunoprecipitation with cells stably expressing either MCU-FLAG or GFP-FLAG. Although
endogenous MICU1 and MICU2 were present in cell lysate from both cell lines,
immunoprecipitation with an anti-FLAG antibody specifically recovered MICU1 and MICU2 from
the MCU-FLAG cell line (Figure 2-4C). It is notable that the heterologous expression of MCU-
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PAGE) provides further evidence that MICU1 and MICU2 are in the uniporter complex, since
knocking down MICU1 (which reduces MICU2 protein levels as well) results in an apparently
smaller complex size for the MCU complex (Figure S1-2B). In addition, immunoprecipitation
performed on cells stably expressing either MICU1-FLAG or GFP-FLAG demonstrated specific
recovery of MICU2 with MICU1 in the presence of excess calcium or EGTA (Figure 2-4D).
Collectively, these results (Figure 2-4) strongly support the notion that MICU1, MICU2, and
MCU physically interact to form a complex.

2.6. Discussion
Mitochondrial calcium transport is a highly conserved phenomenon that is linked to a
diverse set of cellular processes, including cellular metabolism2,5 and programmed cell death.4,23
Given the lack of cell-permeant inhibitors of the uniporter and the previously unknown molecular
identity of the uniporter, functional studies to date have been largely correlative. The discovery
of MICU112 and MCU12,13 opens the door to an endless set of targeted genetic and biochemical
studies that will enable a detailed molecular understanding of mitochondrial calcium uptake and
the mechanisms that govern its regulation.
MICU1 is part of a duplicated gene family found in all major branches of life, including
metazoans, plants, protozoa, and fungi, with lineage specific losses.24 In the current paper, we
show that MICU1, MICU2, and MICU3 are conserved in vertebrates and that they exhibit distinct
patterns of expression (Figure 2-1A,B), suggesting complementary roles in controlling uniporter
physiology. Based on MitoCarta, MICU2 is a high confidence mitochondrial-localized protein
whereas MICU3 is likely mitochondrial but with lower confidence.19 We prioritized MICU2 for
functional studies, but MICU3 likely has a role in mitochondrial calcium handling in a subset of
tissues, notably in the CNS and skeletal muscle, though this remains to be formally proven.
Our biochemical and genetic studies strongly support the notion that MCU, MICU1 and
MICU2 reside within a complex. This idea is supported by co-immunoprecipitation experiments
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as well as by the novel observation of cross-stabilization of these proteins. This crossstabilization was most evident in HEK-293T cells in which we performed the majority of our
biochemical experiments. Silencing MICU1 resulted in loss of MICU2 protein (Figure 2-4A), and
forced expression of either MICU1 or MCU led to apparent stabilization of MICU1 and MICU2
protein (Figure 2-4B,C). Similar effects are observed in HeLa cells, where MICU1 protein levels
were also sensitive to MICU2 knockdown (Figure S1-2A). Together, these studies reveal that
MICU2 is a genuine member of the uniporter complex.
An important question raised by our work in this chapter is whether MICU1 and MICU2
have redundant or distinct functions. One possibility is that they are redundant proteins
expressed in a mutually exclusive manner in different cell types. However, our biochemical
studies performed in human cell lines show that these paralogs stabilize each other’s
expression and interact with MCU in a larger complex (Figure 2-4). RNA expression analysis
across tissues argues against mutually exclusive gene expression across organs (Figure 2-1B).
Ultimately, testing whether MICU1 and MICU2 have redundant roles will be challenging
because these proteins undergo cross-stabilization. For example, expression of MICU2 results
in increased MICU1 expression even in the context of shRNA against MICU1. Even when
MICU1 is substantially reduced, it is possible that low levels of MICU1 are able to compensate
directly and rescue a knockdown phenotype. Resolving this question will require the use of a
null genetic background in which the activity of one paralog can be rigorously assessed in the
absence of the other paralog.
Our biochemical findings have important implications for the interpretation of functional
studies of the uniporter that employ genetic silencing or overexpression. We demonstrate in this
chapter that when uniporter protein components are genetically silenced, this perturbation may
impact the protein stability of companion proteins and that cross-stabilization may represent a
cell-type specific phenomenon. For example, forced expression of MCU has been reported to
give a gain of function phenotype, yet we observe that forced expression of MCU also leads to
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elevated levels of MICU1 and MICU2 in HEK-293T cells (Figure 2-4C). Cross stabilization is not
unusual in large protein complexes, including those of the respiratory chain, where the
expression of subunits is nucleated and stabilized by other partners. Future studies of the
uniporter need to be cognizant of the ability of MCU, MICU1, and MICU2 to impact each other’s
protein expression, as genetic silencing studies may misattribute a molecular function to the
target protein when indeed the impact may be indirect.
It is tempting to speculate that the relative expression of MICU1, MICU2, and MICU3
differ in a cell- and state-specific manner to regulate mitochondrial calcium handling. Under this
model, multiple paralogs could be constitutively expressed in a single cell type, but variation in
their relative abundance could give rise to functional differences in mitochondrial calcium
handling, as has been previously documented across tissues.10,18 If this model proves to be
correct, it may open up the possibility of therapeutically targeting the uniporter in a tissue
specific manner.

2.7. Methods
2.7.1. Multiple sequence alignment
Sequences were downloaded from the NCBI protein database. ClustalW2 was used to
perform a multiple sequence alignment and generate a phylogenetic tree.

2.7.2. RNA expression analysis
Data from a publicly available genome-wide mouse tissue expression atlas (NCBI
GSE10246)25 were downloaded. The published gene chip robust multi-array averaging (gcRMA)
gene expression values were normalized to the maximum across the selected tissues.
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2.7.3. Cell culture
HeLa and HEK-293T cells were received from the American Type Culture Collection
(ATCC). All cells were grown at 37 °C and 5% CO2 in Dulbecco’s modified Eagle medium
(DMEM) (Invitrogen 11995) with 10% fetal bovine serum (FBS, Sigma F6178).
2.7.4. Confocal imaging
HeLa cells were co-transfected with plasmids containing carboxy-terminus GFP-tagged
MICU2 or Mito-HcRed1 (Clontech 632434). Twenty-four hours after transfection, cells were
washed three times with phosphate buffered saline (PBS) and imaged using a Leica TCS SP5
confocal microscope.

2.7.5. Immunoprecipitation
Mitochondria were isolated from HEK-293T cells that stably express Flag-tagged GFP
targeted to mitochondria or MCU-Flag. 200 µg of protein were solubilized with 200 µL of lysis
buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.2% DDM and protease inhibitor
tablets (Roche Applied Science 118361170001)) for 10 minutes at 4 °C. Lysates were cleared
by spinning at 16,000 xg for 10 minutes at 4 °C. Cleared lysates were incubated with 10 µL of
anti-Flag M2 affinity gel (Sigma A2220) in PBS for 2 hours at 4 °C. Immunoprecipitates were
washed with 1 mL of lysis buffer 3 times, and boiled in 30 µl of sample buffer. One-third of the
immunoprecipitate was loaded on a 12% SDS-PAGE gel for detection of the indicated proteins.
MCU antibody was generated in chicken, MICU1 antibody was generated in rabbit and MICU2
antibody was purchased from Abcam (ab101465).
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2.7.6. RNA interference
To silence MICU1, we used short-hairpin RNA (shRNA) constructs TRCN0000053370
(5’-GCAATGGCGAACTGAGCAATA-3’, shMICU1a) and TRCN0000053368 (5’GCAGCTCAAGAAGCACTTCAA-3’, shMICU1b) from the Broad Institute’s RNAi Consortium
(TRC) previously validated in mt-AEQ HeLa cells. To silence MICU2, we used shRNA
constructs TRCN0000055848 (5’-GCCATGCAGATGTTCAGTTTA-3’, shMICU2a) and
TRCN0000055850 (GCTGCAGAAGATCATAAGTAA, shMICU2b). As controls, shRNAs
targeting GFP, RFP and LACZ were used. All shRNAs were provided in a lentiviral vector
(pLKO.1) through the TRC. Lentiviral production and infection was performed as previously
described.23 Cells were selected 24 hours after infection with 2 µg/mL of puromycin.

2.7.7. Quantitative PCR
RNA was isolated from HEK-293T cells using a Qiagen RNeasy kit and was reversetranscribed using SuperScript III following the manufacturers’ protocols. Quantitative real-time
PCR (qPCR) was performed using Taqman assays targeting MICU1 (Hs00381563_m1), MICU2
(Hs0246104_m1) and β-actin (Applied Biosystems Human ACTB #4352935E). Three
independent replicate experiments were performed and one experiment is reported in technical
triplicate.

2.7.8. Proteinase K digestion series
HEK-293T cell crude mitochondria were isolated by differential centrifugation as
described previously.26 After isolation, the mitochondrial pellet was resuspended in 280 mM
sucrose with 10 mM Hepes (pH 7.2). Localization analysis was performed similarly to a
previously reported protocol.27 Specifically, mitochondria (10 µg per condition) were treated with
a series of different digitonin concentrations (0%-1%) or 1% Triton X-100 along with 100 µg/ml
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Proteinase K (PK) at room temperature. After 15 minutes, 10 mM PMSF was added to stop the
digestion and SDS sample buffer (Boston BioProducts) was added. Samples for these
experiments were analyzed by western blot using the following antibodies: MICU1 (homemade),
MICU2 (Abcam), HSP60 (Abcam), TIMM23 (BD Sciences), OXA1L (BD Sciences), TOMM20
(Santa Cruz), and MCU (Sigma).

2.7.9. MICU1-APEX2 EM imaging
For MICU1-APEX2 EM sample preparation, stable MICU1-APEX2 expressing HEK293T cells were grown in plastic six-well plates to 90% confluency and fixed using room
temperature 2% glutaraldehyde (Electron Microscopy Sciences) in “buffer” (100 mM sodium
cacodylate with 2 mM CaCl2, pH 7.4), then quickly moved to ice. Cells were kept between 0 and
4 °C for all subsequent steps until resin infiltration. After 30–60 minutes, cells were rinsed five
times for 2 minutes each in chilled buffer, then treated for 5 minutes in buffer containing 20 mM
glycine to quench unreacted glutaraldehyde, followed by another five 2-minute rinses in chilled
buffer. A freshly diluted solution of 0.5 mg/mL (1.4 mM) 3,3’-diaminobenzidine (DAB) free base
(Sigma) was combined with 10 mM H2O2 in chilled buffer, and the solution was added to cells
for 5 minutes. To halt the reaction, the DAB solution was removed, and cells were rinsed 5 × 2
minutes with chilled buffer. Post-fixation staining was performed with 2% (w/v) osmium tetroxide
(Electron Microscopy Sciences) for 30 minutes in chilled buffer. Cells were rinsed five times for
2 minutes each in chilled distilled water, then placed in chilled 2% (w/v) uranyl acetate in ddH2O
(Electron Microscopy Sciences) overnight. Cells were brought to room temperature, washed in
distilled water, then carefully scraped off the plastic, resuspended, and centrifuged at 700 g for 1
minute to generate a cell pellet. The supernatant was removed, and the pellet was dehydrated
in a graded ethanol series (50%, 75%, 90%, 95%, 100%, 100%, 100%), for 10 minutes each
time, then infiltrated in EMBED-812 (Electron Microscopy Sciences) using 1:1 (v/v) resin and
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anhydrous ethanol overnight, followed by two changes into 100% resin before letting sit
overnight. Finally, the sample was exchanged once more with 100% resin before transfer to
fresh resin and polymerization at 60 °C for 48 hours. Embedded cell pellets were cut with a
diamond knife into 50 nm sections and imaged on a FEI-Tecnai™ G² Spirit BioTWIN
transmission electron microscope operated at 80 kV.

2.7.10. Generation of a stable HEK 293T MICU1-APEX2 line
HEK-293T cells lacking endogenous MICU1 were made using transcription activator-like
effector (TALE) nuclease as described previously25 by targeting the 5’ most exon. After single
cell cloning, colonies with a premature stop codon were identified by DNA sequencing and
knock out was additionally verified by western blot. C-terminally FLAG-tagged MICU1 with or
without a C-terminal APEX2 fusion was cloned into the pLJM5 vector.26 MICU1 KO cells stably
expressing MICU1-FLAG or MICU1-APEX2 (NM_001195518.1) were generated by lentiviral
infection, followed by selection with 200 µg/ml hygromycin for three days. Compared with
previous studies, we note that there are differences in cell types (HeLa27 vs HEK293T) and
splice variants of MICU1 used (isoform one27 vs isoform two17), though the two splice variants
differ by only two residues which are not predicted to affect the mitochondrial targeting
sequence. Hence we do not anticipate different mitochondrial localizations to arise from these
experimental differences. Immunoblot of whole cell lysates was performed using antibodies from
the following sources: Sigma (MICU1, 1:1000) and Mitosciences (SDHB, 1:2000).

2.7.11. Mitochondrial calcium uptake assays
HEK-293T cells were permeabilized in a KCl buffer (125 mM KCl, 2 mM K2HPO4, 10 µM
EGTA, 1 mM MgCl2, 20 mM HEPES, pH 7.2) along with 0.005% digitonin (Sigma), 5 mM
glutamate, 5 mM malate, and 1 µM cell impermeable Fluo4 (Life Technologies). Fluorescence of
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Fluo4 was monitored with excitation at 485 nm and emission at 535 nm using a Perkin-Elmer
Envision plate reader. 10 µM CaCl2 was injected at 4 s, resulting in about 1 µM free Ca2+.
Relative rate of calcium uptake is reported using a linear fit of Fluo4 fluorescence from 50–60 s
(n = 3).
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Chapter 3. MICU1 and MICU2 play nonredundant roles in the regulation of the uniporter. 1

This chapter was reproduced in part from: Kamer, K.J. and Mootha, V.K. MICU1 and MICU2
play nonredundant roles in the regulation of the mitochondrial calcium uniporter. EMBO
Rep. (2014)
1

3.1. Summary
The mitochondrial uniporter is a selective Ca2+ channel regulated by MICU1, an EF-hand
containing protein in the organelle’s intermembrane space. MICU1 physically associates with
and is co-expressed with a paralog, MICU2. To clarify the function of MICU1 and its relationship
to MICU2, we used gene knock out (KO) technology. We report that HEK-293T cells lacking
MICU1 or MICU2 lose a normal threshold for Ca2+ uptake into mitochondria, extending the
known gating function of MICU1 to MICU2. Expression of MICU1 or MICU2 mutants lacking
functional Ca2+ binding sites leads to a striking loss of Ca2+ uptake, suggesting MICU1/MICU2
disinhibit the channel in response to a threshold rise in [Ca2+]. MICU2’s activity and physical
association with the pore requires the presence of MICU1, though the converse is not true. We
conclude that MICU1 and MICU2 are nonredundant and together set the [Ca2+] threshold for
uniporter activity.

3.2. Introduction
Dynamic changes in cytosolic [Ca2+] are important signals by which the cytosol and
mitochondria communicate,1-4 with well-documented roles in energetic coupling5-7 and cell death
pathways.8 Mitochondrial Ca2+ influx is highly energetically favorable due to the electrochemical
potential created by the combination of the Ca2+ concentration gradient and the electrical
potential across the inner mitochondrial membrane (ΔΨm).4 However, Ca2+ uptake into
mitochondria must be tightly regulated to ensure that mitochondria can ignore baseline cytosolic
fluctuations yet respond effectively to Ca2+ spikes.
Recent identification of the genes encoding the mitochondrial Ca2+ uniporter is now
enabling us to probe its physiology at the molecular level. Established uniporter components
include the transmembrane pore-forming subunit MCU,9,10 its paralog MCUb,11 the recently
identified transmembrane protein EMRE12 and the paralogous, EF hand-containing proteins
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MICU113 and MICU2.14 MICU1 was the first component to be identified and, on the basis of its
EF hands, was initially proposed to be a [Ca2+]-dependent regulator of uniporter activity, though
the mechanism was unclear. Subsequent studies converged on the notion that MICU1 serves
as a gatekeeper of the uniporter,15,16 inhibiting the channel at baseline [Ca2+].
MICU1 is one of three paralogous genes (MICU1, MICU2, and MICU3) that likely arose
by gene duplication in vertebrates.14 All three proteins are of comparable size, have a predicted
mitochondrial targeting sequence (MTS) at the amino terminus, and have similar domain
architecture with two canonical Ca2+-binding EF hands. MICU1 and MICU2 have been shown to
localize to the mitochondrial intermembrane space (IMS).15,17 Several lines of evidence indicate
that MICU1 and MICU2 operate together with MCU. For example, immunoprecipitation of the
uniporter complex using affinity-tagged MCU pulls down MICU1 and MICU2, but not MICU3, in
HEK-293T cells.12 The RNA expression of MICU1, MICU2, and MCU is strongly correlated
across a variety of tissues, whereas MICU3 tends to be highly expressed in the CNS.14 Given
that MICU1 and MICU2 are physically associated within the uniporter complex and are coexpressed across all tissues, it is likely that they operate together to regulate the channel.
Previous studies of MICU1 have been obfuscated by problems associated with
incomplete knockdown and measurements of matrix Ca2+.13-16 Specifically, limitations of
incomplete uniporter protein knockdown can be exacerbated by over-expressing another
subunit due to protein cross-stabilization.14 This shortcoming of RNAi has made it challenging to
evaluate the function of EF hand mutant alleles, possibly contributing to discrepancy between
previous studies.13,15,16 Additionally, matrix Ca2+ measurements can be confounded by
alterations in baseline matrix Ca2+ or matrix Ca2+ buffering. Moreover, previous studies exploring
MICU1’s physiological role did not consider contributions from MICU2. All of these factors may
have contributed to conflicting models for MICU1 and MICU2 function. Here, we take advantage
of gene knock out (KO) technology, extramitochondrial Ca2+ clearance measurements, and
biochemistry to clarify the role of MICU1 as a gatekeeper of the uniporter and to understand the
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contribution of MICU2. The results indicate that MICU1 and MICU2 are nonredundant and
operate together to prevent Ca2+ uptake when outside [Ca2+] is low, but then permit uptake in
response to a stimulus above the threshold.

3.3. Results
3.3.1. MICU1 KO and MICU2 KO cells exhibit altered threshold for mitochondrial Ca2+
uptake
To investigate whether MICU1 and MICU2 play unique roles in mitochondrial Ca2+
handling, we used transcription activator-like effector nuclease (TALEN) technology18 to disrupt
MICU1 (MICU1 KO) or MICU2 (MICU2 KO) in HEK-293T cells.12 We further confirmed
elimination of MICU1 and MICU2 by immunoblotting (Figure S2-1A). Disrupting MICU1 leads to
decreased protein levels of MICU2 compared to wild-type HEK-293T (WT) cells (to 18 ± 4% of
WT levels), similarly to MICU1 knockdown (KD) cells.14 MICU2 KO cells, on the other hand,
have normal MICU1 levels (Figure S2-1A). Overexpression of MICU1-FLAG in MICU1 KO cells
rescues MICU2 expression to levels similar to WT. MCU levels appear unaffected in both KO
cell lines, which may be distinct from other cell types.14
Next, to assess mitochondrial Ca2+ uptake, we measured extramitochondrial Ca2+
clearance using cell-impermeable Ca2+ indicators. This uptake is sensitive to Ru360 (a classical
uniporter inhibitor) and CCCP (an uncoupler), but not thapsigargin (a SERCA inhibitor), as
expected for mitochondrial Ca2+ uptake (Figure S2-1B,C). Using this assay, MICU1 KO
mitochondria display uptake when given a small pulse of Ca2+, which is ignored by WT
mitochondria (Figure 3-1A,B), consistent with previous studies showing that MICU1 sets the
threshold for Ca2+ uptake.15,16 Interestingly, MICU2 KO cells also exhibit uptake of a small pulse
of Ca2+ despite the presence of MICU1, albeit at a slower rate than MICU1 KO cells (Figure 31A,B). Importantly, in both cases, this impaired Ca2+ handling can be rescued by re-expression
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Figure 3-1: MICU1 or MICU2 EF hand mutants each inhibit mitochondrial Ca2+ uptake
Mitochondrial Ca2+ uptake in permeabilized HEK-293T cells after CaCl2 pulse was measured by
monitoring extramitochondrial Ca2+. Bar graphs represent the rate of Ca2+ uptake from linear fits
(50−60 s, n ≥ 3). (A) Representative Ca2+ uptake traces of WT, MICU1 KO, or MICU2 KO with
or without MICU1EFmut or MICU2EFmut exposed to ~1 µM Ca2+. (B) Quantification of the data in (A)
and Figure S2-1D. (C) Representative Ca2+ uptake traces of WT or MICU1 KO cells with or
without MICU1EFmut given ~40 µM Ca2+. (D) Quantification of the data in (C) and Figure S2-1E.
(E) Immunoblot of whole-cell lysates of cells in (C) using the antibodies indicated on the left. (F)
Representative Ca2+ uptake traces of WT or MICU2 KO cells with or without MICU2EFmut given
~40 µM Ca2+. (G) Quantification of the data in (F) and Figure S2-1E. (H) Immunoblot of wholecell lysates of cells in (F) using the antibodies indicated on the left.

of the ablated protein, indicating that the phenotype is not a trivial consequence of off-target
genome editing (Figure 3-1B, S2-1D). Thus, the threshold for Ca2+ uptake is affected by loss of
either MICU1 or MICU2, as indicated by increased uptake rate when given [Ca2+] below the
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apparent WT threshold. Although this “gatekeeping” phenotype has been reported for
MICU1,15,16 this is the first time it is reported for MICU2.
Both MICU1 KO and MICU2 KO cell lines exhibit mitochondrial Ca2+ uptake when
stimulated with a larger pulse of Ca2+ (Figure S2-1E), consistent with recent reports for MICU1
KD.15,16 Interestingly, MICU1 KO mitochondria have moderately reduced uptake kinetics that
can be rescued with the WT allele (Figure 3-1C,D, S2-1E). However, MICU1 KD using RNAi
does not lead to reduced uptake kinetics with a large Ca2+ pulse.15,16 The source for this mild
defect in uptake of a large pulse of Ca2+ is unknown. It does not appear to be due to an
alteration in mitochondrial membrane potential (ΔΨm), as assessed by tetramethylrhodamine,

methyl ester (TMRM), which is indistinguishable from WT in both MICU1 KO and MICU2 KO
cells (Figure S2-2A,B). In addition, the mitochondria do not appear to be significantly loaded
with Ca2+ under the conditions of these experiments (Figure S2-2C). In other cell types, loss of
MICU1 could potentially lead to a loss of MCU, though we cannot detect such differences in
MCU levels here.
Overall, genome-editing technology has allowed us to fully disrupt MICU1 or MICU2 and
although these cells are viable, each lacks a normal threshold for mitochondrial Ca2+ uptake
(Figure 3-1A,B).

3.3.2. Mutation of MICU1 or MICU2 EF hands abolishes mitochondrial Ca2+ uptake
To further evaluate the functions of MICU1 and MICU2, we introduced mutations in their
EF hand domains. We mutated the first and last residues of the predicted 12-residue Ca2+binding loop of each EF hand to alanine and to lysine, respectively, to disable Ca2+ binding.13
Since an EF hand mutant should mimic the apo- (Ca2+-free) state, MICU1EFmut and MICU2EFmut
are expected to simulate the action of WT MICU1 and MICU2 in low, sub-threshold [Ca2+]. As
expected, the EF hand mutants behave like WT when presented with a low Ca2+ pulse: stable
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expression of MICU1EFmut or MICU2EFmut in the corresponding KO cells restores the ability of
mitochondria to ignore low [Ca2+] similar to WT (Figure 3-1A,B). These results for MICU1 are
consistent with a previous report with MICU1 KD cells15 yet distinct from another study.16
Since MICU1EFmut and MICU2EFmut are effectively locked in the apo-like “off” state due to
their disrupted Ca2+-binding loops, we predict they should not have the ability to respond to
large [Ca2+] pulses. Indeed, mitochondria expressing MICU1EFmut or MICU2EFmut on their
respective KO backgrounds exhibit a striking phenotype and cannot uptake even large pulses of
Ca2+ (Figure 3-1C−H). These cells, however, have an intact and depolarizable ΔΨm
indistinguishable from WT and do not appear to be loaded with more Ca2+ than WT under the
conditions of these experiments (Figure S2-2A,C). Thus, in spite of apparently intact driving
force for Ca2+ uptake and full expression of the MCU channel, MICU1EFmut (Figure 3-1C–E) and
MICU2EFmut (Figure 3-1F–H) are each capable of inhibiting uptake.
We next tested whether this striking result would be recapitulated by expressing
MICU1EFmut on a WT background. WT mitochondria stably expressing MICU1EFmut have milder
reduction in Ca2+ uptake rate (Figure 3-1C,D). We hypothesized that this milder phenotype is
due to the presence of endogenous MICU1. To test this hypothesis, we decreased endogenous
MICU1 expression using RNAi (MICU1 KD) while introducing a hairpin-resistant MICU1EFmut.
Consistent with our hypothesis, MICU1 KD cells expressing MICU1EFmut show an intermediate
Ca2+ uptake inhibition compared to WT and MICU1 KO cells (Figure S2-3A,B). Thus, Ca2+
uptake inhibition by MICU1EFmut appears to be inversely correlated with endogenous MICU1
levels. Interestingly, expression of MICU1EFmut also increases endogenous MICU1 levels, which
is evident both in WT and MICU1 KD cells (Figure 3-1E, S2-3C). These findings underscore the
value of utilizing a KO background and serve as a reminder that endogenous MICU1 levels
should be considered when MICU1 is knocked down and a mutant is expressed since
endogenous MICU1 levels may increase with expression of the mutant.
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In contrast, stable expression of MICU2EFmut in WT cells almost entirely abrogates Ca2+
uptake, comparable to the phenotype observed when it is expressed in MICU2 KO cells (Figure
3-1F,G). Endogenous MICU2 levels in WT cells are comparable with or without MICU2EFmut
expression (Figure 3-1H). Thus, unlike MICU1, protein-level MICU2-MICU2 stabilization is not
obvious and does not alleviate the inhibition of mitochondrial Ca2+ uptake in WT cells expressing
MICU2EFmut.
The role of the individual EF hands in MICU1 and MICU2 do not appear to be equivalent
in these experiments (Figure S2-3A−F). Mutating each EF hand in MICU1 leads to partial
inhibition of mitochondrial Ca2+ uptake, with mutation of EF2 having a stronger effect. Similarly,
mutation in individual EF hands in MICU2 leads to partial inhibition of Ca2+ uptake, with EF1
having a stronger impact. Exactly how each EF hand contributes to the physiology of MICU1
and MICU2 is currently not known and will likely require biophysical studies as we move
forward.
These experiments help to provide clarity on the function of MICU1 and the role of its EF
hands. Initial studies identifying MICU1 as the founding member of the uniporter complex
suggested it was a [Ca2+]-dependent regulator required for Ca2+ uptake.13 This model was
proposed based on the observation that, in response to histamine, the matrix Ca2+ signal in
MICU1 KD cells showed abrogated increase compared to WT, and while this phenotype could
be rescued with WT MICU1, it could not be rescued with MICU1EFmut. However, variation in
baseline [Ca2+], matrix buffering, and matrix pH were not considered in making this model
inference. Two subsequent studies, however, further explored the function of MICU1 and show
that in the absence of MICU1, Ca2+ uptake is still present, and MICU1 actually serves as a
“gatekeeper,” setting the uniporter’s [Ca2+] threshold for Ca2+ uptake. While both converge on
the notion that MICU1 is a gatekeeper, each proposes a distinct model for the function of Ca2+
binding to MICU1.15,16 One model suggests that Ca2+ binding to MICU1 is required for channel
inhibition,16 while a second model suggests that Ca2+ binding to MICU1 relieves channel
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inhibition.15 The current experiments are clearly more compatible with the latter model (Figure 31). In contrast to the latter study, however, we find that on a MICU1 KO background, MICU1EFmut
inhibits Ca2+ uptake of both small and large Ca2+ pulses (Figure 3-1A−D). Thus, our results
clearly support a model for MICU1 and MICU2 inhibition of Ca2+ uptake when [Ca2+] is low and
likely MICU1 and MICU2 are in the apo (Ca2+-free) state and subsequent release of this
inhibition when MICU1 and MICU2 bind Ca2+.

3.3.3. MICU1-mediated inhibition of Ca2+ uptake does not require MICU2, but MICU2mediated inhibition of Ca2+ uptake requires MICU1
To further evaluate if MICU1 and MICU2 play redundant or complementary roles, we
next overexpressed either MICU1 or MICU2 to rescue KO of MICU2 or MICU1, respectively.
However, we find that neither overexpression of MICU1 on a MICU2 KO background nor MICU2
on a MICU1 KO background rescues the impaired Ca2+ handling (Figure 3-2A,B). Additionally,
to determine if one protein is sufficient to inhibit Ca2+ uptake without the other, independent of
[Ca2+] threshold, we expressed MICU2EFmut in MICU1 KO cells and MICU1EFmut in MICU2 KO
cells. In response to a small or large Ca2+ pulse, we find that MICU1EFmut is sufficient to abrogate
Ca2+ uptake in the absence of MICU2 (Figure 3-2A,B). However, MICU2EFmut does not provide
further inhibition for MICU1 KO cells at either pulse size (Figure 3-2A,B) and leads to strikingly
more uptake than MICU2EFmut expressed in cells which have MICU1 (Figure 3-1A,B,F,G). Thus,
MICU1 is capable of inhibiting Ca2+ uptake in the absence of MICU2, but MICU2 appears to
require MICU1 as an effector.
The lack of MICU2EFmut impact on Ca2+ uptake in the absence of MICU1 prompted us to
test interaction of MCU and MICU2 in the absence of MICU1. To this end, we tested the ability
of MICU1-FLAG and MICU2-FLAG to co-immunoprecipitate (co-IP) MCU on either a MICU1 or
MICU2 KO background. MICU1 and MICU2 both are able to pull down MCU in the presence of
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Figure 3-2: MICU1 function does not require MICU2, but MICU2 function requires MICU1
Mitochondrial Ca2+ uptake in permeabilized HEK-293T MICU1 or MICU2 KO cells stably
expressing MICU1, MICU2, MICU1EFmut, or MICU2EFmut given a (A) ~1 µM or (B) ~40 µM Ca2+
pulse, monitoring extramitochondrial Ca2+. Representative traces are shown on the left and
quantifications of uptake rate from linear fits (50−60 s, n ≥ 3) are on the right. Immunoblots of
whole cell lysates for the corresponding cells are shown under the respective bar graph lane.
The WT black bar in (B) is shown for comparison but not present on the trace to the left. (C)
FLAG co-IP of MICU1-FLAG, MICU2-FLAG, MCU-FLAG or FLAG-GFPmito expressed in MICU1
KO, MICU2 KO or WT HEK-293T cells with or without transient expression of MICU1-MYC or
MICU2-MYC. Lysates and eluates are immunoblotted with anti-FLAG, MCU, or SDHB (left side)
or FLAG or MYC (right side). Note that the upper band for (FLAG- or MYC-tagged) MICU2 (~50
kDa) is likely unprocessed MICU2.
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their paralog (Figure 3-2C). However, consistent with Ca2+ uptake results, MICU1 is able to coIP MCU in the absence of MICU2, but MICU2 does not co-IP MCU under the same conditions in
the absence of MICU1. Additionally, MCU-FLAG is able to co-IP MICU1 in MICU2 KO cells but
not MICU2 in MICU1 KO cells (Figure 3-2C). Despite the inability of MICU2 to co-IP MCU in the
absence of MICU1, both MICU2 and MICU2EFmut localize properly to the IMS in the absence of
MICU1 (Figure S2-4). We speculate that, in the absence of MICU1, MICU2 cannot associate
with the MCU complex, including MCU, MCUb and EMRE, and thus gets targeted for
degradation, which would explain its lower abundance in MICU1 KO cells. Collectively, these
results suggest that the functional and physical interaction of MICU2 with the MCU complex
requires MICU1.

3.3.4. MICU1 C-terminal domain is required for its action and association with the
uniporter pore complex
Because our genetic and biochemical studies place MICU1 more proximal to MCU, we
explored MICU1 domains that might be important for its function and interaction with the MCU
complex. We generated MICU1 truncation mutants and examined their ability to function. The
region immediately after the predicted MTS shows little evolutionary conservation. On the other
hand, the C-terminus, which is predicted to be predominantly alpha-helical,19,20 is highly
conserved, suggesting that it may be more critical for function. We generated an N-terminal
deletion (MICU1-ΔN) by removing 36 amino acids (58−93) after the predicted MTS and a Cterminal deletion (MICU1-ΔC) distal to the second EF hand lacking the final 31 amino acids
(445−476) (Figure 3-3A). While larger N-terminal deletions did not express well, these N- and Cterminal truncated proteins expressed to a comparable level as WT MICU1 (Figure 3-3B, S25A).
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Figure 3-3: C-terminal domain of MICU1 is important for its function
(A) Schematic showing the MICU1 truncation mutants used. N and C represent the N- and Ctermini, respectively; MTS labels the predicted mitochondrial targeting signal; EF1 and EF2
label the two canonical EF hand domains; parentheses show deleted residues. (B,C)
Mitochondrial Ca2+ uptake in digitonin-permeabilized HEK-293T MICU1 KO cells stably
expressing MICU1, MICU1-ΔN, MICU1EFmut-ΔN, MICU1-ΔC or MICU1EFmut-ΔC given a (B) ~1
µM or (C) ~40 µM Ca2+ pulse, monitoring extramitochondrial [Ca2+]. Representative traces are
shown on the left and the quantification of uptake rate from linear fits (50−60 s, n ≥ 3) is on the
right. Immunoblots of whole-cell lysates for the corresponding cells are shown under the
respective bar graph lane. (D) FLAG immunoprecipitation for FLAG-tagged MICU1, MICU1-ΔC
or MICU1-ΔN. Eluates and lysates are immunoblotted with the indicated antibodies. (E,F)
Response of digitonin-permeabilized HEK-293T MICU1 KO cells stably expressing MICU2EFmut
in addition to MICU1, MICU1-ΔN or MICU1-ΔC to a (E) ~1 µM or (F) ~40 µM Ca2+ pulse,
monitoring extramitochondrial [Ca2+]. Representative Ca2+ uptake traces are shown on the left
and quantification of uptake rate from linear fits (50−60 s, n ≥ 3) is on the right. Immunoblots of
whole-cell lysates for the corresponding cells are shown under the respective bar graph lane.

Next, we performed Ca2+ uptake assays in MICU1 KO cells stably expressing MICU1ΔN, MICU1-ΔC and their EF hand mutants. In response to a low Ca2+ pulse, MICU1-ΔC or
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MICU1EFmut-ΔC do not fully rescue the increased Ca2+ uptake of MICU1 KO cells, while MICU1ΔN or MICU1EFmut-ΔN do rescue, resulting in little uptake similar to WT (Figure 3-3B). When
given a high Ca2+ pulse, only MICU1EFmut-ΔN expression results in abrogated Ca2+ uptake, while
MICU1-ΔN, MICU1-ΔC and MICU1EFmut-ΔC do not (Figure 3-3C). Thus, deletion from the Cterminus appears to be more deleterious for MICU1 function than deletion from the N-terminus.
Because MICU1-ΔC fails to inhibit uniporter Ca2+ uptake, we postulated that it might not interact
with the MCU complex appropriately without the C-terminus. Indeed, MICU1-ΔN but not MICU1ΔC co-immunoprecipitates MCU and MICU2 (Figure 3-3D). Furthermore, despite differences in
expression levels, MICU1-ΔN but not MICU1-ΔC appears to be co-immunoprecipitated by MCU
(Figure S2-5B). However, it is likely that MICU1-ΔC and MICU2 can interact in the cell since
MICU2 protein levels are rescued by MICU1-ΔC (Figure 3-3D), suggesting that the protein
cross-stabilization effect of MICU1 on MICU2 is intact, but this interaction is not strong enough
to persist under the conditions of the immunoprecipitate. MICU1-ΔC, however, localizes
properly to the IMS (Figure S2-4). Mapping the interactions within the MCU complex will be
important next steps, and the C-terminus of MICU1 may prove to be important for interaction
with the pore complex (MCU, MCUb and/or EMRE).
Combining the observation that MICU2 does not co-IP MCU in the absence of MICU1
and the C-terminal domain of MICU1 is necessary for MICU1 to co-IP MCU, we postulated that
MICU2 would be able to inhibit Ca2+ uptake in MICU1 KO cells in the presence of MICU1-ΔN
but not MICU1-ΔC. To this end, we co-expressed MICU2EFmut-FLAG with either FLAG-MICU1,
FLAG-MICU1-ΔN, or FLAG-MICU1-ΔC in MICU1 KO cells and examined their
extramitochondrial Ca2+ clearance. As expected, at both pulse sizes, Ca2+ uptake was
abrogated in cells expressing FLAG-MICU1 and FLAG-MICU1-ΔN but not FLAG-MICU1-ΔC in
addition to the MICU2EFmut-FLAG, despite each having similar levels of exogenous protein
expression (Figure 3-3E,F). These results provide further in vivo functional support for the co-IP
experiments (Figure 3-2C, 3-3D, S2-5B).
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Collectively, these results demonstrate the functional importance of the highly conserved
C-terminal domain of MICU1 (Figure 3-3). This region may be a candidate for interaction with
the rest of the uniporter complex or may be required for proper oligomerization of MICU1.
Indeed, the MICU1-MICU1 and MICU1-MICU2 protein cross-stabilization in HEK-293T cells
(Figure 3-1E, S2-1A, S2-3C) suggest that MICU1 might form homo- and/or hetero-oligomers.
The stoichiometry and composition of the complex has yet to be established and will be
important future work.

3.3.5. Proposed model for MICU1 and MICU2 function in uniporter physiology
Our results allow us to formulate a model of regulation of the uniporter by MICU1 and
MICU2 (Figure 3-4). MICU1 and MICU2 are located in the IMS.15,17 Our biochemical studies
indicate that while MICU1 and MCU can associate in the absence of MICU2, MICU2 and MCU
association requires the presence of MICU1. Hence, these biochemical studies place MICU1
between MCU and MICU2, though direct interaction studies have not been done. MICU1 and
MICU2 serve as negative regulators of Ca2+ transport through the pore complex (Figure 3-4A),
consistent with two recent studies on MICU1.15,16 When the cytosolic [Ca2+] exceeds a threshold
sensed by MICU1 and MICU2, the pore is disinhibited and Ca2+ passes through. In the absence
of MICU1, this negative regulation is lost and unregulated Ca2+ uptake occurs at [Ca2+] below
WT threshold (Figure 3-4B). In the absence of MICU2, MICU1 is still able to inhibit Ca2+ uptake
but likely with a different [Ca2+] threshold (Figure 3-4B). Perhaps the most striking phenotype
reported in the current work is summarized in Figure 3-4C. When MICU1 or MICU2 cannot
respond to [Ca2+] changes, due to nonfunctional EF hands, the uniporter cannot be disinhibited,
regardless of [Ca2+], and no Ca2+ uptake is apparent (Figure 3-4C).

62

Figure 3-4: Model for MICU1 and MICU2 regulation of uniporter physiology
(A) In WT cells at low external [Ca2+] below threshold, MICU1 and MICU2 inhibit Ca2+ transport
(left). When [Ca2+] exceeds threshold, uniporter inhibition is removed and Ca2+ transport
proceeds (right). (B) MICU1 KO cells have unregulated Ca2+ transport, resulting in uptake even
at low [Ca2+] (left); MICU2 KO cells exhibit Ca2+ transport at the low [Ca2+] depicted (right). (C)
Cells expressing either MICU1EFmut or MICU2EFmut lack Ca2+ transport because Ca2+ is unable to
relieve MICU1/MICU2 inhibition of the uniporter, regardless of concentration.
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3.4. Discussion
While the current work clearly establishes nonredundant roles for MICU1 and MICU2,
much work lies ahead to clarify their physiology. We have observed that expression of
MICU1EFmut or MICU2EFmut leads to a near complete loss of Ca2+ uptake. While the simplest
explanation is that MICU1EFmut and MICU2EFmut function to “close” the uniporter pore complex,
electrophysiological measurements will be required to formally demonstrate this biophysical
mechanism. We have shown that MICU1 lacking functional EF hands can inhibit Ca2+ uptake in
the absence of MICU2, but the converse is not true. Moreover, we have shown that the physical
association of MICU2 with MCU requires MICU1, but not vice versa. MICU1 and MICU2 both
appear to be operating as negative regulators of the pore, but the physiological contexts in
which each exerts control on the uniporter remain to be determined. Additionally, since only
assays of permeabilized cells given pulses of Ca2+ were performed in this study, we cannot rule
out the possibility that the mode of Ca2+ delivery may affect the mechanism of Ca2+ uptake
through the uniporter, including regulation by MICU1 and MICU2.
There is good reason to believe that the activity and regulation of the uniporter will vary
across tissues.14,21 The current study has only investigated HEK-293T cells, and it will be
important to determine whether the MICU1/MICU2 regulatory complex plays similar roles in
other cellular contexts and developmental states. It has recently been reported that loss of MCU
and mitochondrial Ca2+ uptake can be tolerated in mouse.22 In the current study, we have shown
that MICU1 and MICU2 play nonredundant roles in inhibiting Ca2+ uptake when outside [Ca2+] is
low and alleviate this inhibition at higher [Ca2+]. In vivo loss of MICU1 or MICU2 may therefore
have very different consequences than loss of MCU. We anticipate that future in vivo,
organismal studies may reveal the precise regulatory logic afforded by MICU1 and MICU2.
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3.5. Methods
3.5.1. Cell culture

HEK-293T cells were grown at 37 °C and 5% CO2 in Dulbecco’s modified Eagle medium
(DMEM) (Life Technologies) with 10% fetal bovine serum (Sigma F6178), along with penicillin,
streptomycin, and glutamine (Life Technologies). HEK-293T cells deficient in MICU1 or MICU2
were made using TALE nuclease and were reported previously.12 Briefly, after transfection with
the TALEN construct using Lipofectamine 2000 (Invitrogen), individual clones were isolated by
single cell cloning. The sequence of each allele was determined from PCR products
surrounding the targeted region and clones were identified with a premature stop codon in all
alleles for MICU1 or MICU2. KO was further verified by western blot. MCU-MYC, MCU-FLAG,
MICU1-MYC and MICU2-MYC expression were accomplished by transient transfection using XtremeGENE 9 DNA transfection reagent (Roche). All other exogenous expression of the
constructs used herein was accomplished by stable transfection, followed by selection with 200
µg/mL hygromycin or 2 µg/mL puromycin. RNAi against MICU1 was accomplished using
reagents from the RNAi Consortium (TRCN0000053370).

3.5.2. Constructs used

Each gene was cloned into a lentiviral vector with either a C-terminal or N-terminal FLAG
epitope tag or C-terminal c-MYC epitope tag. N-terminal tagging was accomplished by adding
the tag after the predicted mitochondrial targeting signal followed by a short linker region
(adding ~1 kDa extra); C-terminal tagging also included this short linker region prior to the tag.
EF hand mutations used herein are as follows: MICU1EFmut has D231A, E242K, D421A, and
E432K; MICU1EF1mut has E242K; MICU1EF2mut has E432K; MICU2EFmut has D185A, E196K,
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D375A, and E386K; MICU2EF1mut has E196K; MICU2EF2mut has E386K; MICU1-ΔN has a
deletion of residues 58−93; MICU1-ΔC has a deletion of residues 445−476. FLAG-GFPmito is
used as reported previously.14 RNAi-insensitive MICU1 is used as reported previously.13

3.5.3. Immunoblots of cell lysates

Cells were washed twice with phosphate buffered saline (PBS), scraped, and cell pellet
was resuspended in lysis buffer containing 50 mM Hepes pH 7.4, 150 mM NaCl, cOmplete
protease inhibitor (1 tablet/50 mL, Roche) and 1% Triton-X-100 (Sigma) or 0.2% n-Dodecyl β-Dmaltoside (DDM, Sigma). After about 10 minutes at 4 °C, lysates were cleared by centrifugation
at 20,000 x g for 10 minutes. Cleared lysates were diluted to normalize protein concentration
and reducing sample buffer was added. Samples were subjected to SDS-PAGE using TrisGlycine gels (Life Technologies) followed by immunoblotting using antibodies from the following
sources: Abcam (MICU2, ATP5a, SDHA), Sigma (MICU1, MCU, FLAG), Cell Signaling
Technologies (FLAG), Bethyl Laboratories (c-MYC), and Mitosciences (SDHB). Molecular
weights are indicated based on protein ladder from Thermo Scientific (#26623).

3.5.4. Ca2+ uptake assays

Cells were washed with PBS, trypsinized, and removed from the tissue culture plate
around 80−95% confluence. One million cells were pelleted, washed with PBS, resuspended in
150 µL of permeabilization buffer, and dispensed in a 96-well plate. Permeabilization buffer
included 125 mM KCl, 2 mM K2HPO4, 10 µM EGTA,1 mM MgCl2, 20 mM HEPES at pH 7.2,
0.005% digitonin (Sigma), 5 mM glutamate, 5 mM malate, 1 µM cell impermeable Fluo-4 or
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Oregon Green-Bapta6F (Life Technologies), with or without 1 µM Ru360, 1 µM CCCP, or 3 µM
thapsigargin. Ca2+ indicator fluorescence was monitored using FITC filters with excitation at 485
nm and emission at 535 nm with a Perkin-Elmer Envision plate reader. CaCl2 was injected at
the indicated time. A total of 10 µM CaCl2 was injected for small pulses and 50 µM CaCl2 was
injected for large pulses, resulting in about 1 µM and 40 µM free [Ca2+], respectively. The
relative rate of Ca2+ uptake is reported as a linear fit of the fluorescence from 50 to 60 s (n ≥ 3).
Linear fit data are presented as the mean ± standard deviation (SD). Ca2+ release assays were
performed in the same way as described above with the following exceptions. The buffer
contained Oregon Green-Bapta6F and no EGTA. A few minutes after permeabilization in the
buffer, fluorescence was monitored. 2 µM carbonyl cyanide 3-chlorophenylhydrazone (CCCP,
Sigma) was then added, and fluorescence was again monitored after a few minutes. Each
independent replicate consists of 9 technical replicates. [Ca2+] was calibrated in the buffer used
for one replicate using calcium calibration buffers (Life Technologies). Subsequent
measurements for independent replicates were normalized to WT baseline in the same buffer.
Data are reported as the mean ± SD (n ≥ 3).

3.5.5. Membrane potential measurements

TMRM dye (Life Technologies) was used to assess membrane potential (ΔΨm) of
mitochondria in permeabilized cells.23 For kinetic measurements in Figure S2-2B, cells were
prepared as in Ca2+ uptake assays, except that the buffer included 1.3 µM TMRM instead of a
Ca2+ indicator. 30 µM CaCl2 (to give ~20 µM free [Ca2+]) was injected at the indicated time.
TMRM fluorescence was monitored using a Perkin-Elmer Envision plate reader as in Ca2+
uptake assays and reported inverted such that higher membrane potential is represented as a
higher signal. Representative kinetic traces are shown, and data were combined by averaging
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the signal before the Ca2+ pulse over 10 seconds, the “peak” signal after Ca2+ pulse (42−59 s),
and the recovered signal over 10 seconds at the end of the measurement. Bar graphs report the
mean ± SD (n = 3). A representative Ca2+ uptake trace is shown using the same conditions (in
parallel), except with 1 µM cell impermeable Oregon Green-Bapta6F (Life Technologies) instead
of TMRM in the buffer. TMRM measurements for Figure S2-2A were performed using a similar
method. However, for these experiments, cells were permeabilized using the same buffer
except with 20 nM TMRM with or without 2 µM CCCP (Sigma). Fluorescence was recorded with
emission at 590 nm and excitations at 573 and 546 nm and their ratio is presented (n ≥ 3).24

3.5.6. Localization analysis
Localization analysis was done as reported previously.15 Mitochondria from HEK-293T
cells were homogenized then concentrated by differential centrifugation, centrifuging first at 800
x g for 10 minutes then centrifuging the supernatant for another 10 minutes at 8,000 x g at 4 °C.
The mitochondrial pellet was resuspended in 280 mM sucrose with 10 mM Hepes (pH 7.2). A
Proteinase K digestion with different concentrations of digitonin was done similarly to a reported
protocol.25 Specifically, 10 µg of mitochondria per condition were treated with either digitonin at
a series of different concentrations (0%−0.1%) or 1% Triton X-100 along with 0 or 100 µg/ml
Proteinase K (PK) at room temperature. After 15 minutes of PK treatment, 10 mM
phenylmethanesulfonyl fluoride (PMSF, Sigma) was added to stop the digestion and SDScontaining reducing sample buffer was added.
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3.5.7. Co-immunoprecipitation

Cells were rinsed twice with PBS, scraped and lysed in 50 mM Hepes at pH 7.4, 150 mM
NaCl, 5 mM EGTA, 0.2% DDM, in addition to cOmplete protease inhibitor (1 tablet/50 mL,
Roche). Cells were lysed at 4 °C for 30 minutes and centrifuged at 20,000 xg for 10 minutes.
Cleared lysates were diluted to normalize protein concentration and incubated with FLAG
affinity agarose (Sigma A2220) or c-MYC affinity agarose (Sigma A7470) for 2 hours at 4 °C.
Beads were then washed 3 times with lysis buffer and either boiled in sample buffer or eluted
with c-MYC (Sigma M2435) peptide. Immunoblots were performed as described above for cell
lysates.

3.5.8. Statistical analysis

P-values were computed using Student’s t-tests. One-way ANOVA was used when
comparing multiple means. P < 0.05 was considered significant.
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Chapter 4. High-affinity cooperative Ca2+ binding by MICU1-MICU2 serves as an on-off
switch for the uniporter1

This chapter was reproduced in part from: Kamer, K.J. , Grabarek, Z. and Mootha, V.K.
High-affinity cooperative Ca2+ binding by MICU1–MICU2 serves as an on-off switch for the
uniporter. EMBO Rep. (2017)
1

4.1. Summary
The mitochondrial calcium uniporter is a Ca2+-regulated Ca2+ channel that is essential for
dynamic modulation of mitochondrial function in response to cellular Ca2+ signals. It is regulated
by two paralogous EF hand proteins—MICU1 and MICU2—but the mechanism is unknown.
Here, we demonstrate that Ca2+ stabilizes both MICU1 and MICU2. We reconstitute the MICU1–
MICU2 heterodimer and demonstrate that it binds Ca2+ cooperatively with high affinity. We
discover that both MICU1 and MICU2 exhibit affinity for the mitochondria-specific lipid
cardiolipin. We determine the minimum Ca2+ concentration required for disinhibition of the
uniporter in permeabilized cells and report a close match with the Ca2+-binding affinity of
MICU1–MICU2. We conclude that cooperative, high affinity interaction of the MICU1–MICU2
complex with Ca2+ serves as an on–off switch, leading to a tightly controlled channel, capable of
responding directly to cytosolic Ca2+ signals.

4.2. Introduction
Mitochondrial Ca2+ uptake enables the cytosol to communicate energetic demand to the
mitochondrial matrix, resulting in activation of at least three matrix dehydrogenases and
stimulation of ATP production.1-3 This Ca2+ transport occurs through a Ca2+ channel known as
the uniporter located in the inner mitochondrial membrane.4 The uniporter is a macromolecular
complex comprised of three transmembrane components (MCU, MCUb, EMRE) and two
peripheral components (MICU1 and its paralog, MICU2).5 A third MICU paralog, MICU3,
appears to be neuron-specific.6 MCU and EMRE together are sufficient for human uniportermediated Ca2+ transport in vivo,7 whereas MCUb is dispensable and may have a more subtle
regulatory role.8 MICU1 and MICU2 are Ca2+-sensitive regulators of the uniporter. They are
localized in the intermembrane space (IMS)9-12 and, based on co-immunoprecipitation
experiments, have been assumed to be associated with the channel primarily via MICU1–EMRE
interaction.5,12
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Ca2+ entry into mitochondria via the uniporter is driven by the electrochemical potential of
the inner mitochondrial membrane (ΔΨm = -180 mV), which is equivalent to an equilibrium
concentration gradient of ~106.13 In principle, even in the absence of a Ca2+ concentration
gradient across the inner membrane, the uniporter could transport Ca2+ into the matrix and
dissipate the mitochondrial membrane potential. Thus, the uniporter’s function must be tightly
regulated to prevent the channel from responding to small fluctuations in cytosolic Ca2+
concentrations, while allowing signals exceeding a certain threshold to be transmitted to
mitochondria.
It was demonstrated decades ago that the uniporter is regulated by cytosolic Ca2+,14,15
but the proteins involved were only recently elucidated.5,6,8,16-18 MICU1 was initially suggested to
be a regulator of the uniporter based on its canonical EF-hand Ca2+-binding domains and
because its manipulation leads to changes in mitochondrial Ca2+ handling.16 Likewise, MICU2—
a paralog of MICU1— also contains canonical EF hands and was shown to be involved in
mitochondrial Ca2+ handling.6 However, their respective functions within the uniporter complex
were unclear until two groups identified the key role of MICU1 in inhibiting the channel at low
Ca2+ concentrations.9,19 Thus, for MICU1 the term “gatekeeper” has been coined. Subsequently,
we have shown that MICU1 and MICU2 work together in this inhibitory, gatekeeper role to keep
the channel closed below a certain Ca2+ threshold.10 In our model, MICU1 and MICU2 are both
inhibitors of the uniporter, since removing either protein allows the uniporter to respond to very
low concentrations of Ca2+, consistent with results that were previously shown for MICU1.9,19
Further support for this model was obtained recently in vivo: MICU1 loss in mouse can be
tolerated but leads to Ca2+ overload.20,21 In a different model proposed recently,22 MICU1 and
MICU2 also work together, but the inhibitory function is ascribed only to MICU2, whereas
MICU1 is proposed to be an activator of the uniporter. We need a better understanding of the
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molecular properties of these proteins to resolve these differences and to shed light on the
mechanism of the MICU1/MICU2 “gatekeeping” function.
Crystal structures of MICU1 in the Ca2+-bound and Ca2+-free states have been
reported.23 MICU1 has two structural domains, connected by a long alpha helix. Each domain
has one canonical EF-hand motif, with the capability to bind Ca2+, paired with one structural EF
hand, which does not bind Ca2+ due to missing ligands in key positions. Such pairing is
characteristic of EF hand proteins and essential for relaying Ca2+ signals by responding to Ca2+binding events with long-range conformational changes.24 In the apo (Ca2+-free) state, MICU1
forms a trimer of dimers, where the C-terminal alpha helices bundle together in the middle of the
complex.23 For MICU1 crystals in the Ca2+-bound state, the C-terminal alpha helix was deleted
in order to yield monodisperse protein. The truncated protein forms a dimer irrespective of
Ca2+.23 While it is clear from the structure that MICU1 binds two Ca2+ ions, it remains ambiguous
whether MICU1’s Ca2+-binding affinity allows the uniporter to be activated by levels of Ca2+
typically observed in the cytosol. MICU2, a paralog of MICU1 with about 30% sequence identity,
appears to have a basic domain organization similar to that of MICU1, with two canonical Ca2+binding EF-hand motifs. Although MICU1–MICU2 interaction is anticipated from cellular
studies,6,10,22,25 their direct interaction and the oligomeric state in vitro have not been evaluated.
Finally, whether disinhibition of the uniporter channel activity is linked to a specific Ca2+-binding
site in MICU1 or MICU2, or, alternatively, whether the complex responds to Ca2+ in a global
cooperative fashion has not been explored.
Here, we report in vitro investigation of the biochemical and biophysical properties of
MICU1, MICU2, and their complex to gain insights into the mechanism of uniporter regulation.
We demonstrate that both MICU1 and MICU2 are stabilized by Ca2+, undergo global
conformational changes upon Ca2+ binding, and we report their Ca2+-binding affinities. We
reconstitute the MICU1–MICU2 heterodimer and demonstrate that it binds Ca2+ cooperatively
with high affinity, consistent with an on–off switching function. We discover that both MICU1 and
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MICU2 exhibit affinity for cardiolipin, the mitochondria-specific lipid abundant in the inner
membrane. Finally, we determine the minimum Ca2+ concentration required for disinhibition of
the uniporter in permeabilized cells and show that the submicromolar Ca2+-binding affinity of the
MICU1–MICU2 complex defines the uniporter’s threshold, which is well within the range of Ca2+
concentrations that typically occur in the cytosol during Ca2+ signaling events.

4.3. Results
4.3.1. MICU1 binds Ca2+ with high affinity
To determine the Ca2+-binding properties of MICU1 in vitro, we used recombinant human
MICU1 protein expressed in E. coli. It has been reported that MICU1 forms a hexamer (trimer of
dimers) in the apo state, and a heterogeneous mixture of oligomers in the presence of Ca2+.23
Apparently, the latter property is related to the presence of the C-terminal helix.23 Thus, we
pursued experiments with MICU1ΔC, a variant which has the C-terminal alpha helix deleted
(residues 445 – 476, Figure 4-1A). Truncation of the N-terminal 92 residues, which include the
mitochondrial targeting sequence and may alter some properties of the protein, does not appear
to affect MICU1 function in vivo,10 but improves solubility, so we used this truncation for our
protein constructs (Figure 4-1A).
First, we have determined that purified recombinant MICU1ΔC is significantly stabilized
by Ca2+. Using differential scanning calorimetry (DSC), we found that in the absence of Ca2+ (5
mM EGTA present in solution), MICU1ΔC undergoes a single cooperative unfolding transition.
There is about 15 °C increase in unfolding temperature in the presence of 5 mM CaCl2 (Figure
4-1B,C). This result suggests that MICU1ΔC binds Ca2+ with high affinity.
Next, we sought to determine the Ca2+-binding affinity of MICU1ΔC since it is soluble
and apparently monodisperse in both the apo and Ca2+-bound states. To precisely control free
Ca2+ concentrations over a wide range, we took advantage of a Ca2+ buffering system
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Figure 1: MICU1 binds calcium with nanomolar affinity
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Figure 4-1: MICU1 binds Ca2+ with nanomolar affinity
(A) Domain organization of MICU1 primary sequence is shown, starting with the predicted
mitochondrial targeting sequence (labeled MTS), followed by a short N-terminal region which is
not required for MICU1 function (in brown), the EF-hand domains (labeled EF1–4, with the black
circle indicating where Ca2+ binds), and finally the C-terminal alpha helix (C-helix). (B)
Differential scanning calorimetry (DSC) of MICU1ΔC in the presence of 5 mM CaCl2 (red) or 5
mM EGTA (black).
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Figure 4-1 Continued: MICU1 binds Ca2+ with nanomolar affinity
(C) Summary of DSC experiments. The data points are reported separately; the line indicates
the mean of three independent replicates and the error bars represent standard deviation (SD)
(D, F) The relative change in Trp fluorescence (λexc = 290 ± 5 nm, λem = 350 ± 2.5 nm) of
MICU1ΔCF223W (D) or MICU1ΔCF417W (F) after addition of 1 mM EGTA and 5 mM CaCl2. (E, G)
Ca2+ titrations of MICU1ΔCF223W (E) or MICU1ΔCF417W (G) performed monitoring Trp
fluorescence and using an EGTA/CaCl2 buffer to control free [Ca2+] (50 mM Hepes pH 7.0, 150
mM NaCl). Free [Ca2+] was calculated for each point using MaxChelator
(maxchelator.stanford.edu).26 Data are shown as the mean of five independent replicates and
error bars represent the SD in D and F. The Trp fluorescence intensity is normalized to the apo
fluorescence for each replicate in D and F and the minimum and maximum fluorescence of the
fits are set to 0 and 1, respectively, in E and G. Three independent titrations are shown together
for E and G, which were fit to a Hill equation, resulting in the indicated Kd and nH, with the
standard error of the fit for each indicated.

(EGTA/NTA/Ca2+) in combination with a convenient intrinsic fluorescence reporter – tryptophan
(Trp). Monitoring local conformational changes by detecting differences in Trp fluorescence has
been used for other Ca2+ binding proteins.27 The Trp fluorescence quantum yield is related to
the local environment of the indole moiety causing the fluorescence signal to increase when the
Trp is more protected from the solvent. MICU1ΔC lacks Trp, affording us the opportunity to
specifically engineer Ca2+-sensitive mutants by placing a Trp residue at sites where, based on
the X-ray structures of MICU1,23 we expect a change in solvent exposure upon Ca2+ binding.
Specifically, we made a MICU1ΔCF223W mutation close to the Ca2+ binding loop in EF-hand 1.
Importantly, this mutation did not change the nature of the protein: it expressed and purified
similarly to the native protein and formed the expected dimer as judged by size exclusion
chromatography (SEC) (Figure S3-1A,B). The MICU1F223W mutant has ~60% reduction in Trp
fluorescence emission upon Ca2+ binding (Figure 4-1D). The change suggests a significant
increase in solvent exposure of the Trp residue in the Ca2+-bound state of the protein. The
change is fully reversible upon addition of EGTA, allowing us to determine the apparent
dissociation constant (Kd) for Ca2+ binding. Fitting the fluorescence-monitored Ca2+ titrations of
MICU1ΔCF223W with the Hill equation reveals Kd = 290 ±10 nM and a Hill coefficient (nH) of ~2
(Figure 4-1E). We next sought to determine the Ca2+-binding affinity of MICU1 using a Trp
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reporter located in EF hand 4. We found that MICU1ΔCF417W mutant yields a modest ~20%
reduction in Trp fluorescence with Ca2+ (Figure 4-1F). This change was also completely
reversible, and Ca2+ titrations revealed Kd = 370 ± 15 nM, with somewhat lower cooperativity (nH
= 1.5, Figure 4-1G). Importantly, mutating critical Ca2+-binding residues in both EF hands of
MICU1, disabling Ca2+ binding,16 eliminates this Ca2+-dependent Trp fluorescence change for
both MICU1ΔC-EFmutF223W and MICU1ΔC-EFmutF417W (Figure S3-1C,D), confirming that the
Trp fluorescence responds specifically to Ca2+ binding to the EF hands. Thus, both Trp mutants
of MICU1ΔC bind Ca2+ with high affinity, with apparent Kd values in the nanomolar range. Taken
together, the cooperative response and the similar affinities observed for each mutant indicate
that the Trp fluorescence is likely responding to a global conformational transition involving Ca2+
binding to both functional EF hands.

4.3.2. MICU2 also binds Ca2+ with high affinity, albeit with lower affinity than MICU1
We next sought to characterize the oligomeric state and Ca2+ binding of MICU2. We
used the full, mature human MICU2 sequence (leaving off the predicted targeting signal, Figure
4-2A), expressing and purifying it from E. coli similarly to MICU1ΔC. SEC reveals that, unlike
MICU1 (with the C-terminal helix), MICU2 forms a well-defined, monodisperse dimer in solution
in both EGTA and in Ca2+-containing buffers (Figure 4-2B), in contrast to a recent study
reporting monomeric MICU2.28 We confirmed this dimeric state with SEC coupled to multi-angle
light scattering (Figure S3-2A). MICU2, like MICU1, has two canonical, predicted Ca2+-binding
EF-hand motifs (Figure 4-2A), though it is unknown whether they bind Ca2+ and, in fact, it has
been suggested that MICU2 might not bind Ca2+.29 Using DSC, we find that MICU2 also
undergoes a cooperative unfolding transition, albeit at a higher temperature than MICU1 (55
°C). It is also significantly stabilized by Ca2+ as indicated by ~8 °C increase in unfolding
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Figure 2: MICU2 binds calcium with high affinity, but lower affinity than MICU1
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Figure 4-2: MICU2 binds Ca2+ with high affinity, but lower affinity than MICU1
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Figure 4-2 Continued: MICU2 binds Ca2+ with high affinity, but lower affinity than MICU1
(A) Domain organization of MICU2 primary sequence is shown, starting with the predicted
mitochondrial targeting sequence (labeled MTS), followed by the predicted EF-hand domains
(labeled EF1–4). The Ca2+-binding EF-hand domains (by prediction and analogy to MICU1) are
shown with a black dot representing Ca2+. The five Trp’s in the sequence are indicated with W.
(B) MICU2 elutes as a dimer (expected MW = 90 kDa) in either the presence (red) or absence
(black) of Ca2+ by size exclusion chromatography (SEC). (C) Differential scanning calorimetry
(DSC) of MICU2 in the presence of 5 mM CaCl2 (red) or 5 mM EGTA (black). (D) Summary of
DSC experiments as in Figure 4-1. The data points are reported separately; the line indicates
the mean of three independent replicates, and the error bars represent standard deviation (SD).
(E, G, I) The relative Trp fluorescence of MICU2 (E), MICU2ΔCL200W (G) or MICU2ΔCF371W (I)
after addition of 1 mM EGTA and 5 mM CaCl2 as in Figure 4-1. (F, H, J) Ca2+ titrations of MICU2
(F), MICU2ΔCL200W (H) or MICU2ΔCF371W (J) were performed as in Figure 4-1. Data are shown
as the mean of five independent replicates and error bars represent the SD. The Trp
fluorescence intensity is normalized to the apo fluorescence for each replicate in (E, G, I) and
the minimum and maximum fluorescence of the fits are set to 0 and 1, respectively, in (F, H, J).
Three independent titrations are shown together, which were fit to a Hill equation, resulting in
the indicated Kd and nH, with the standard error of the fit for each indicated.

temperature (Figure 4-2C,D). Thus, we find that MICU2 forms a dimer and binds Ca2+, as
expected from the presence of two canonical EF hand motifs.
Next, we sought to determine the Ca2+-binding affinity of MICU2 using Trp fluorescence.
Unlike MICU1ΔC, MICU2 has five Trp residues (Figure 4-2A), yielding a small (~5%) increase in
Trp fluorescence upon Ca2+ binding (Figure 4-2E), which nevertheless was sufficient to perform
Ca2+ titrations using the native protein. We observe cooperative Ca2+ binding for this native
protein with apparent Kd = 650 ± 20 nM (Figure 4-2F).
We further attempted to determine the binding affinities using a probe in each of the two
predicted Ca2+-binding sites. To this end, we removed the C-terminal putative helix, as we have
done for MICU1, resulting in removal of three of the five Trp residues (Figure 4-2A). This
protein, MICU2ΔC, exhibited no change in Trp fluorescence upon Ca2+ binding. Thus, this
truncated protein afforded us the opportunity to engineer mutants having Ca2+-dependent Trp
fluorescence changes, analogous to our MICU1 mutants. We made a MICU2ΔCL200W mutation
or a MICU2ΔCF371W mutation to report on the local environment in EF-hand 1 or EF-hand 4,
respectively (Figure 4-2A). Both mutants expressed and purified similarly to the native protein
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and formed dimers as determined by SEC (Figure S3-2B,C). MICU2ΔCL200W exhibited a ~30%
decrease in Trp fluorescence upon binding Ca2+, and titrations show an apparent Kd = 890 ± 60
nM and the Hill coefficient, nH = 2 (Figure 4-2G,H). MICU2ΔCF371W revealed ~10% reduction in
Trp fluorescence with Ca2+, and titrations show apparent Kd = 1.3 ± 0.1 µM (Figure 4-2I,J).
Importantly, mutating critical Ca2+-binding residues in both EF hands of MICU2 10 removes this
Ca2+-dependent Trp fluorescence change for both MICU2ΔC-EFmutL200W and MICU2ΔCEFmutF371W (Figure S3-2D,E), confirming that specific Ca2+ binding to the EF hands induces the
change in Trp fluorescence. Overall, MICU2’s Ca2+ affinity appears to be somewhat weaker
than that of MICU1, with Kd values in the 650 nM to 1.3 µM range. Similar to MICU1, MICU2
responds to Ca2+ binding in a cooperative fashion, irrespective of the location of the fluorescent
Trp probe.

4.3.3. MICU1 and MICU2 form a heterodimer in vitro, which binds Ca2+ with nanomolar
affinity
Knowing the Ca2+ binding affinities of MICU1 and MICU2 in isolation is an important step
towards evaluating their function; however, we and others have reported that MICU1 and
MICU2 work together to regulate the uniporter.10,22,25 Thus, it is important to evaluate the
properties of the MICU1–MICU2 complex. Although it has been reported that the two proteins
co-immunoprecipitate with each other from cell lysates,6,10,22 direct interaction in vitro has not yet
been demonstrated. Here, we characterize the MICU1–MICU2 complex with respect to the
oligomeric state and Ca2+ binding properties.
We used SEC to determine the oligomeric state of the MICU1–MICU2 complex. In the
presence of Ca2+, MICU1 forms a heterogeneous mixture of oligomers, recapitulating what has
been shown previously,23 while MICU2 forms a dimer (Figure 4-3A). However, a 1:1 (mol:mol)
mixture of MICU1 and MICU2 elutes as an oligomer with a molecular weight (MW) of ~95 kDa
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corresponding to a dimer (Figure 4-3A). Since MICU1 alone forms a much larger oligomer under
these conditions, it is likely that the peak corresponds to a heterodimer. Indeed, Coomassiestained SDS-PAGE of the peak fractions demonstrates that both proteins elute together (Figure
S3-3A). We further evaluated this interaction with the MICU1ΔC protein, which does not form
higher oligomers in the presence of Ca2+. The MICU1ΔC, MICU2, and MICU1ΔC + MICU2
protein complexes all elute in the expected MW range of dimers (Figure 4-3B). To further
distinguish between a heterodimer and a mixture of homodimers of these proteins, we attached
maltose binding protein (MBP) to MICU2 to increase its size from 45 kDa to 88 kDa (from 90
kDa to 176 kDa for the MICU2 or MBP-MICU2 homodimers, respectively) and repeated the
SEC experiment (Figure 4-3C). The MICU1ΔC–MBP-MICU2 complex elutes as a single peak of
~140 kDa, which combined with the absence of the larger MW peak of the MBP-MICU2
homodimer provides unequivocal evidence for MICU1–MICU2 heterodimer formation in
solution. Clearly, under these conditions the MICU1–MICU2 heterodimer is significantly more
stable than any of the homodimers/homo-oligomers. Thus, in the presence of Ca2+, MICU1 and
MICU2 form a heterodimer in vitro.
Next, we asked what the oligomeric state of the MICU1–MICU2 complex is in the
absence of Ca2+. MICU1 alone elutes from a size exclusion column as a hexamer, as expected
from the previous study,23 while MICU2 elutes as a dimer. Analysis of the MICU1–MICU2
complex performed in the presence of EGTA, reveals that MICU1 and MICU2 form a
heterodimer in solution (eluting at ~90 kDa), irrespective of the presence of Ca2+ (Figure 43D,F). However, analysis of the elution fractions by SDS-PAGE indicates that the distribution of
MICU1 is slightly shifted with respect to that of MICU2, in contrast to their perfectly coincident
elution in the presence of Ca2+ (Figure S3-3B). This result suggests that the apo form of the
MICU1–MICU2 complex is slightly less stable than the Ca2+-bound form and that the proteins
undergo dynamic re-equilibration between homo- and hetero-dimers in solution.
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Figure 3: MICU1 and MICU2 form heterodimers and bind calcium with high affinity
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Figure 4-3: MICU1 and MICU2 form heterodimers and bind Ca2+ with high affinity
(A−F) Size exclusion chromatography (SEC) elution profiles monitored using absorbance at 280
nm, in buffer containing CaCl2 (A−C) or EGTA (D−F), showing representative traces, which
resulted in the same oligomeric state in all three replicates. (A) MICU1 elutes as a
heterogeneous mixture of oligomers, MICU2 elutes as a dimer, and the MICU1 and MICU2
combination elutes as a heterodimer in Ca2+. (B) MICU1ΔC, MICU2, and MICU1ΔC + MICU2 all
elute as dimers in Ca2+. (C) MICU1ΔC, MBP-MICU2, and MICU1ΔC + MBP-MICU2 elute at the
expected MW’s of dimer, dimer, and heterodimer, respectively. (D) MICU1 elutes as a hexamer,
MICU2 elutes as a dimer, and the MICU1 + MICU2 combination elutes as a heterodimer in apo
conditions. (E) MICU1ΔC, MICU2, and MICU1ΔC + MICU2 all elute as dimers in Ca2+-free
buffer. (F) MICU1ΔC, MBP-MICU2, and MICU1ΔC + MBP-MICU2 elute at the expected MW’s
of dimer, dimer, and heterodimer, respectively, in Ca2+-free buffer. (G) Relative change in ANS
fluorescence (372 ± 5 nm excitation, 450 ± 2.5 – 5 nm emission) in solution containing MICU1 +
MICU2 heterodimer (5 µM ANS, 2 µM protein, 50 mM Hepes pH 7.0, 150 mM NaCl) after
addition of 1 mM EGTA or 5 mM CaCl2. Data are shown as the mean of five independent
replicates, and error bars represent the standard deviation (SD). (H) Ca2+ titration of MICU1–
MICU2 heterodimer monitored with ANS fluorescence using an EGTA/CaCl2 buffer calculating
free [Ca2+] using MaxChelator (n = 3 independent titrations, shown together). The ANS
fluorescence intensity is normalized to the apo fluorescence in G and the minimum and
maximum fluorescence of the fits in H are set to 0 and 1, respectively. Three independent
titrations are shown together, which were fit to a Hill equation, resulting in the indicated Kd and
nH, with the standard error of the fit for each indicated.
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In order to determine the Ca2+ binding affinity of the MICU1–MICU2 heterodimer, we
monitored the global change in exposed hydrophobic surface area. This can be accomplished
by taking advantage of the fluorescent dye 8-anilino-1-naphthalenesulfonic acid (ANS), which
has increased fluorescence in a hydrophobic environment, for example, when bound to a
hydrophobic pocket on a protein surface. Thus, an ANS fluorescence change can be used to
monitor protein conformational changes, as has been done previously for other EF-hand
proteins.30,31 The MICU1–MICU2 heterodimer displays a modest, reversible increase in ANS
fluorescence with Ca2+, which follows a single transition with an apparent Kd = 620 ± 20 nM
(Figure 4-3G,H). Also in this case, the fluorescence transition is cooperative with nH = 2.1 ± 0.2,
suggesting that the MICU1–MICU2 complex responds to Ca2+ binding as a single cooperative
unit.

4.3.4. MICU1 and MICU2 interact with the inner mitochondrial membrane through
cardiolipin
Next, we explored the possibility of MICU1 or MICU2 interaction with the membrane
lipids. Since neither protein has a membrane-spanning domain, it has been assumed that they
are soluble4 and their association with the channel might be via the MICU1–EMRE interaction
inferred from co-immunoprecipitation experiments.5,12 Previous carbonate extraction
experiments have been equivocal, suggesting that while MICU1 is not an integral membrane
protein, it does not follow the profile of a soluble protein closely.9,12 Thus, MICU1 and MICU2
might in fact be interacting with the membrane peripherally.
In order to test the interaction of MICU1 and MICU2 with a variety of lipids, we used
membrane lipid interaction test strips (Echelon, P-6002). These test strips include several of the
most common glycerolipids and sphingolipids. Purified proteins were incubated with the
membrane lipid test strip, followed by immunoblot to detect the bound proteins. We found that
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Figure 4: MICU1 and MICU2 bind cardiolipin
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Figure 4-4: MICU1 and MICU2 bind cardiolipin
(A) Echelon membrane lipid strip is shown as a reference, indicating which lipids are spotted
onto each dot. Abbreviations are: triacylglyceride (TG), diacylglycerol (DAG), phosphatidic acid
(PA), phosphatidylserine (PS), phosphatidylethanolamine (PE), phosphatidylcholine (PC),
cardiolipin (CL), phosphatidylinositol (PI), phosphatidylinositol (4)-phosphate (PtdIns(4)P),
phosphatidylinositol (4,5)-bisphosphate (PtdIns(4,5)P2), and phosphatidylinositol (3,4,5)trisphosphate (PtdIns(3,4,5)P3).
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Figure 4-4 Continued: MICU1 and MICU2 bind cardiolipin
(B) MICU1ΔC or (C) MICU2 purified protein was incubated with an Echelon membrane lipid strip
and detected by immunoblot for the 6xHis tag. Immunoblot is shown from a representative
protein:lipid dot-blot experiment (n=3). In each experiment, cardiolipin (CL) was the most
prominent immunoreactive spot. (D, F) Liposome flotation assay. Liposomes were incubated
with MICU1ΔC (D) or MICU2 (F) protein solution and the amount of protein that floated with
each preparation of liposome was determined by Coomassie-stained SDS-PAGE analysis.
Each experiment consisted of six samples: with 5 mM Ca2+ or with 5 mM EGTA and with either
(1) CL-containing liposomes (containing 2:2:1 PE:PC:CL, labeled as PE/PC/CL) or liposomes
lacking CL (containing 2:3 PE:PC, labeled as PE/PC) or lacking liposomes altogether. The initial
loaded protein is shown in serial dilution (100, 50, 25%) for reference along with a
representative experiment and is used for quantification in E. (E, G) Quantification of flotation
experiments of the CL-containing liposome protein float fraction is shown, with each of three
independent replicates shown separately with the mean indicated by the longer bar and the
error bars showing s.d. Note that no protein was seen in the no liposome control or with the
PE/PC liposomes only in any of the replicates.

both MICU1 and MICU2 gave the strongest signal for interaction with cardiolipin (Figure 4-4A–
C). Since cardiolipin is prevalent in mitochondria and displayed the strongest signal (whereas
the lipids comprising the weak signal spots were notably much less abundant in mitochondria32),
we focused our further tests on cardiolipin. We tested each protein’s interaction with cardiolipin
using a liposome flotation assay. Liposomes containing either 2:2:1 phosphatidylethanolamine
(PE): phosphatidylcholine (PC): cardiolipin (CL) or 2:3 PE:PC were made in order to mimic the
lipid composition in mitochondrial membranes with the presence or absence of cardiolipin.32
These liposomes were incubated with either MICU1ΔC or MICU2 prior to the flotation assay,
and the recovery of protein with the liposomes was quantified. In these assays, both MICU1ΔC
and MICU2 bound to liposomes containing cardiolipin, but not to liposomes lacking cardiolipin
(Figure 4-4D–G). Our results suggest that the MICU1–MICU2 complex is likely to remain
associated with the inner mitochondrial membrane, despite the lack of membrane spanning
segments.
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4.3.5. MICU1–MICU2 complex controls the Ca2+ threshold for releasing uniporter
inhibition in permeabilized cells
Does the Ca2+ binding affinity of the MICU1–MICU2 heterodimer determined in vitro
(Figure 4-3H) align with the uniporter threshold for Ca2+ uptake in cells? To answer this
question, we needed to measure the uniporter’s threshold, which we accomplished in two ways:
(1) we measured the baseline Ca2+ level to which mitochondria equilibrate; and (2) we
measured the lowest Ca2+ concentration at which uniporter Ca2+ uptake can be detected when
the extramitochondrial Ca2+ levels rise. Both methods have been utilized even prior to the
identification of the uniporter components: (1) a steady-state Ca2+ concentration in the presence
of isolated mitochondria was found to be 500 – 800 nM Ca2+ 33-35 and (2) experiments on Ca2+
perfusion into a suspension of isolated mitochondria have shown that mitochondria start
accumulating Ca2+ when its concentration reaches ~1 µM.36 Here, we designed similar assays
to use in conjunction with HEK-293T cell lines having genetically manipulated MICU1 and
MICU2 levels. We generated and characterized cell lines knocking out MICU1, MICU2 or both
(MICU1/MICU2 DKO). As has been shown previously,10 loss of MICU1 reduces MICU2 protein
levels as well (Figure 4-5A). Thus, we must consider loss of both MICU1 and MICU2 in the
absence of MICU1. Adding exogenous MICU1 to the MICU1 KO cells rescues MICU2 levels
(Figure S3-4). We ensured that all knockout cell lines retained uniporter Ca2+ uptake activity with
a Ca2+ clearance assay. In this assay, the plasma membrane is permeabilized with digitonin,
leaving mitochondrial membranes intact, and the extramitochondrial Ca2+ concentration is
measured using a Ca2+-sensitive fluorescent dye. The cells are given a pulse of 5 µM CaCl2
which then dissipates back to the baseline level due to uptake by mitochondria. All four cell lines
tested (WT, MICU1 KO, MICU2 KO and MICU1/MICU2 DKO) exhibit robust mitochondrial Ca2+
uptake in response to 5 µM Ca2+ pulses (Figure 4-5B). This is consistent with our previous
report on MICU1 and MICU2 KO cell lines,10 which we now extend to the MICU1/MICU2 DKO
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cells. With these KO cell lines in hand, we proceeded with assessing the uniporter threshold for
Ca2+ uptake and evaluating the role of MICU1 and MICU2 on that threshold.
Figure 5: Loss of MICU1 and/or MICU2 results in decreased baseline extramitochondrial calcium
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Figure 4-5: Loss of MICU1 and/or MICU2 results in decreased baseline
extramitochondrial Ca2+
(A) Immunoblot of HEK-293T wild-type (WT) or MICU1 and/or MICU2 KO cell lysates using
antibodies against MICU1, MICU2, MCU, EMRE and TIMM23. (B) Cells were permeabilized
with digitonin in a KCl-based solution containing a Ca2+-sensitive fluorescent dye, Fluo-4. Fluo-4
fluorescence was monitored over time, representing the extra-mitochondrial Ca2+ concentration,
and at the indicated time point for each trace, a 5 µM Ca2+ pulse was added. Shown are
representative traces of three independent experiments. (C) The extra-mitochondrial [Ca2+] was
determined after stirring permeabilized cells for 10 minutes, reaching the steady state baseline
concentration indicated. Data are reported as the mean of five replicates with error bars
indicating standard deviation.

We assayed the baseline Ca2+ levels maintained by mitochondria from each cell line as
our first method for evaluating the uniporter’s Ca2+ threshold. We noticed that the baseline Ca2+
concentration before and after the Ca2+ pulse in Figure 4-5B is significantly higher for the WT
cells (~0.8 µM) than for any of the KO cell lines (0.2−0.4 µM). This is consistent with increased
Ca2+ uptake by the uniporter in the absence of MICU1 or MICU2 9,10,19 and underscores the role
of the MICU1−MICU2 complex in setting the threshold for Ca2+ uptake by the uniporter. With
this in mind, we systematically characterized the baseline Ca2+ level maintained by mitochondria
in the absence of a Ca2+ pulse (Figure 4-5C), which has been shown previously to differentiate
MICU1 KD from WT cells.19 Notably, addition of the uniporter inhibitor Ru360, which prevents
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mitochondria from taking up Ca2+, results in a much higher baseline, and eliminates the
differences between genotypes (Figure S3-5A). Additionally, inhibition of the sodium–calcium
exchanger in mitochondria, NCLX, with CGP-37157, or inhibition of the endoplasmic reticulum
Ca2+-ATPase, SERCA, with thapsigargin, do not affect the baseline [Ca2+], likely due to the lack
of Na+, needed for the NCLX, or ATP, needed for the SERCA (Figure S3-5B), in our
measurement system. Therefore, in our assay we are measuring the uniporter’s activity, not the
activity of other Ca2+ transporters. MICU1 KO, MICU2 KO, and MICU1/MICU2 DKO cell lines
maintain a lower baseline Ca2+ concentration than WT cells, and there is a significant difference
between the baselines of the MICU1 KO (~150 nM) and MICU2 KO (~400 nM) cell lines. The
MICU1/MICU2 DKO cells show similar baseline [Ca2+] to that of the MICU1 KO cells.
Importantly, these baseline differences are completely reversed to WT levels by expressing the
exogenous alleles (Figure 4-5C, Figure S3-4). Adding just MICU1 to the MICU1/MICU2 DKO
cells brings the measured baseline Ca2+ above that of MICU1 KO, very similar to MICU2 KO
cells.
For our second method of estimating the uniporter’s threshold in permeabilized cells,
EGTA is added initially to reduce the free Ca2+ concentration in the buffer significantly below the
threshold. Then, we inject small pulses of Ca2+ until robust Ca2+ uptake occurs, which is taken
as the estimate of the threshold concentration. Using this method, WT mitochondria show Ca2+
uptake when Ca2+ concentrations exceed ~800 nM (Figure 4-6A). MICU1 KO cells show Ca2+
uptake at very low Ca2+ levels, ~150 nM (Figure 4-6B). MICU2 KO cells show uptake at about
350 nM (Figure 4-6C). The MICU1/MICU2 DKO cells take up Ca2+ as low as 200 nM, similar to
the MICU1 KO cells (Figure 4-6D). Importantly, these threshold changes are reversed by
introducing the exogenous alleles (Figure 4-6E,F). Thus, with both methods we obtained very
similar estimates of the uniporter Ca2+ threshold in permeabilized cells. Our estimates of the
Ca2+ threshold for the wild-type cells are in good agreement with previous literature.33-36
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Figure 6: The uniporter’s threshold depends on presence of MICU1 and MICU2
Mito Ca2+ uptake in digitonin-permeabilized HEK-293T cells, with EGTA added to buffer

Extra-mito [Ca2+] (µM)

A

C

B
1.2

WT

1

0.6

0.25

MICU1 KO

0.8

0.4

0.6

0.15

Ca2+

0.4

0.3
0.2

0.2
0

MICU2 KO

0.5

0

0.05

Time

0

200 Time400

0.1

600

0

200Time 400

600

200s

D

MICU1 KO,
MICU2 KO

0.6
0.4

MICU1 KO
+MICU1

2
1.5

750

950 Time1150

1350

MICU2 KO
+ MICU2

1.2
1
0.6
0.4

0.5
0

F

0.8

1

0.2
0

E

0.2
750

950 Time1150

1350

0

555

855Time1155

1455

Figure 4-6: The uniporter’s Ca2+ threshold depends on presence of MICU1 and MICU2
Permeabilized cells were incubated in a KCl-based solution containing 20 µM EGTA, followed
by pulses of Ca2+ until robust mitochondrial Ca2+ uptake was observed in (A) WT, (B) MICU1
KO, (C) MICU2 KO, (D) MICU1 and MICU2 double KO (MICU1/MICU2 DKO), (E) MICU1 KO
with stably introduced exogenous MICU1, and (F) MICU2 KO with stably introduced exogenous
MICU2, all in HEK-293T cells. Extra-mitochondrial [Ca2+] was measured using a Ca2+-sensitive
indicator dye, Fluo-4. The dashed line approximates the [Ca2+] at which uptake begins to occur.
These are representative traces, and each experiment was performed three times with
comparable results.

4.4. Discussion
Early studies indicated that mitochondrial Ca2+ uptake via the uniporter is regulated by
extramitochondrial Ca2+.14,15,37 It is now becoming clear that this regulatory function resides
primarily in MICU1 and MICU2, the EF-hand protein components of the uniporter complex. We
propose that MICU1 and MICU2 work together to keep the uniporter closed at resting levels of
cellular Ca2+ and relieve this inhibition during a Ca2+ signaling event. We show that MICU1 and
MICU2 form a heterodimer in vitro in both the Ca2+-bound and Ca2+-free states (Figure 4-3A–F).
We demonstrate that both proteins exhibit high affinity Ca2+ binding with apparent Kd values in
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the submicromolar range, making them sufficiently sensitive to directly respond to cytosolic Ca2+
transients. MICU1 has a slightly higher Ca2+ affinity than MICU2 (Figure 4-1E,G, 4-2F,H,J), but
the MICU1–MICU2 complex responds to Ca2+ with a single cooperative transition. We
demonstrate an unanticipated interaction of MICU1 and MICU2 with cardiolipin, which
presumably anchors the complex to the inner mitochondrial membrane. Finally, we determine
the uniporter Ca2+ threshold for Ca2+ uptake and show that it is consistent with the Ca2+ affinity
of the MICU1–MICU2 heterodimer, providing support for the idea that Ca2+ binding to the EF
hands of MICU1 and MICU2 disinhibits the uniporter, allowing Ca2+ uptake.
We observe that the in vitro Ca2+ binding affinities of recombinant MICU1 (Kd ~ 300 nM)
or MICU1−MICU2 (Kd = 620 nM) (Figure 4-1E, G, 4-3H) match reasonably well the Ca2+
thresholds for releasing uniporter inhibition in permeabilized WT and KO cells (150-800 nM)
(Figure 4-5C, 4-6). In principle, one might expect the threshold to be significantly below the Kd;
that is, the Ca2+ uptake should become detectible when a small fraction of the regulatory sites
are occupied. In reality, the quantitative relation between these parameters is difficult to
establish because they represent different properties of the uniporter. The Kd defines the Ca2+dependent switching of the uniporter. Given the apparent Kd = 620 nM and the Hill coefficient nH
= 2.1 (as we determined for the MICU1–MICU2 complex), one should expect 90% uniporter
disinhibition at ~2 µM [Ca2+] and 99% disinhibition at ~6 µM [Ca2+]. In contrast, the actual net
Ca2+ uptake, which defines the threshold, depends on the rate of Ca2+ flux into and out of the
matrix.35,36,38 The Ca2+ influx rate driven by the membrane potential and by the concentration
gradient continues to increase well into mM range of [Ca2+] as shown by patch clamp current
recordings,39 even though the number of open channels is approximately constant above 6 µM
[Ca2+]. Nevertheless, the correlation between the apparent Kd’s of MICU1 or MICU1–MICU2 and
the Ca2+ thresholds in MICU1 KO and WT cells is intriguing. In WT cells, the uniporter Ca2+
threshold is expected to be set by the MICU1–MICU2 Ca2+ affinity, which is about 620 nM in
vitro (Figure 4-3H). This concentration closely matches the ~600 – 800 nM range obtained in
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our uniporter threshold measurements (Figure 4-5C, 4-6A) and closely matches the 500 nM –
800 nM range found in previous literature.33-36 Likewise, the MICU2 KO cell baseline levels and
minimum Ca2+ concentration to lead to mitochondrial uptake are consistent with those predicted
from our in vitro experiments: these cells lack MICU2, and thus, we expect that the uniporter
threshold is set by MICU1, since we have previously shown that MICU1 can function in the
absence of MICU2.10 Indeed, the affinity of MICU1 for Ca2+ is in the 290−370 nM range (Figure
4-1E,G), consistent with the baseline Ca2+ we observe in MICU2 KO cells of ~350 nM (Figure 45C, 4-6C). Finally, since MICU2 cannot function in the absence of MICU1,10 MICU1 KO cell
uniporter threshold is lower than that of either MICU2 KO (where the threshold is expected to be
controlled by MICU1) or WT cells (where the MICU1–MICU2 complex controls the threshold).
This is consistent with our findings that the MICU1 KO (or MICU1/MICU2 DKO) uniporter
threshold is ~150 – 200 nM (Figure 4-5C, 4-6).
Importantly, these uniporter Ca2+ threshold determination experiments allow us to
distinguish between two opposing models for MICU1 function in the field: MICU1 has been
suggested to be an inhibitor 9,10,19,20 or an activator of uniporter activity.9,22 Some of the
confusion in the field stems from the fact that in some cell types, loss of MICU1 leads to loss of
MCU as well.6 Additionally, previously it was unclear whether the loss of MICU1 leads to less
inhibition of the uniporter at low Ca2+ due to loss of MICU2 or whether MICU1 is a true inhibitor
by itself. Here, we show that presence of MICU1 (in the absence of MICU2) in fact inhibits the
uniporter at low Ca2+ (below ~350 nM, Figure 4-5C, 4-6C), while loss of both MICU1 and MICU2
results in a lower threshold (~200 nM, Figure 4-5C, 4-6D). Thus, MICU1 clearly has an inhibitory
role on the uniporter.
We measured the Ca2+ binding affinities of MICU1, MICU2 and the heterodimer
indirectly. We used Trp fluorescence as a probe of the local change in the protein structure
upon Ca2+ binding or ANS fluorescence as a probe of structural changes exposing hydrophobic
surface upon Ca2+ binding. These indirect methods have two important advantages: (1) they
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allow us to interrogate specific sites in each protein in the case of Trp fluorescence and (2) an
EGTA/Ca2+ buffer system can be used, alleviating the need for decalcification of all solutions
and proteins. We note that our point mutations to Trp for intrinsic fluorescence experiments may
alter the Ca2+ affinity. However, we find that the values of apparent Kd for Ca2+ binding as
monitored by Trp probes at different locations are similar and we further confirmed that our
Ca2+-binding transitions occur in the expected range by aligning the observations with cellular
Ca2+ physiology experiments. Importantly, we note that the Ca2+ binding affinities and Ca2+
uptake threshold that we observe (Figure 4-1E,G, 4-2F,H,J, 4-5C, 4-6A–F) fall within the Ca2+
concentration range typically associated with cellular Ca2+ signaling. Therefore, it appears that
Ca2+ regulation of the uniporter can respond directly to cytosolic Ca2+ signals.
The apparent Ca2+-binding affinity of MICU1 reported here (290, 370 nM) is significantly
higher than that determined by others primarily with the use of isothermal titration calorimetry
(ITC) (ranging from 4 – 40 µM 23,40,41). We believe our indirect titration method utilizing an
intrinsic fluorescence probe and a Ca2+ buffering system provide more accurate binding
parameters than ITC for the following reasons. First, due to the limited sensitivity of the
calorimetric method, the ITC titrations have to be performed at relatively high protein and Ca2+
concentrations, significantly above the equilibrium midpoint of MICU1. Thus, the precision of
data fitting is compromised. Second, the higher the affinity, the more difficult it is to remove
ubiquitous Ca2+ contamination from the proteins, solutions, and glassware, which impairs the
determination of binding parameters. The major advantage of the spectroscopic method we
employ is that it allows monitoring Ca2+ binding (indirectly) using Ca2+ buffers, which permit
precise control of the free Ca2+ concentration in a very broad range, alleviating problems with
residual Ca2+ contamination. In one study, the use of a similar Ca2+ buffer system has also
resulted in a higher affinity for MICU1 (~4 µM).42 This experiment, however, was performed with
a large fluorescent tag attached to the C-terminus of MICU1, which may account for the lower
affinity than we find.
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We report the oligomeric states of the MICU1, MICU2 and MICU1–MICU2 complexes in
vitro. We find that MICU1 on its own forms a hexamer in its apo state, and a large oligomer in
the presence of Ca2+ (consistent with a previous study,23 Figure 4-3A,D), while MICU2 forms
homodimers in either condition (Figure 4-2B). However, in the presence of MICU2, the MICU1
homo-oligomers dissociate in favor of a MICU1–MICU2 heterodimer (Figure 4-3A–F), which,
apparently, is more stable in solution. This is consistent with a previous report showing that
MICU1–MICU2 heterodimer forms in cell culture as detected by SDS-PAGE analysis.22 Perhaps
in vivo, in context of the mitochondrial IMS with the other uniporter channel components,
MICU1–MICU2 heterodimers oligomerize further to interact with each monomer of the
MCU/EMRE oligomer. Determining the in vivo oligomeric state of the MICU1–MICU2 complex
along with the stoichiometric relationship with other uniporter transmembrane components
remains an important future challenge.
An important finding of this work is that MICU1 and MICU2 bind to the abundant
mitochondrial phospholipid cardiolipin. This interaction does not show Ca2+-dependence in
liposome flotation assays (Figure 4-4D–G), suggesting that both proteins are likely interacting
with the membrane in both the apo- and Ca2+-bound states. Gaining insight into the molecular
determinants of this cardiolipin–MICU1/MICU2 interaction will be an important step toward
understanding the mechanism of uniporter regulation. Analyzing the interaction sites of proteins
with the cardiolipin headgroup from crystal structures has suggested that there is an
overrepresentation of basic residues (and a corresponding underrepresentation of acidic
residues), suggesting that electrostatic interaction is often an important factor.43 Finding the
cardiolipin interaction site(s) in MICU1 and MICU2 in future studies will help us to piece together
how MICU1 and MICU2 exert their molecular control on the uniporter complex. The cardiolipinanchored MICU1–MICU2 interaction with the membrane may stabilize the MICU1–EMRE
interaction and facilitate the Ca2+-dependent regulation of the uniporter.
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We have previously shown that MICU1 can inhibit the uniporter without MICU2, but that
MICU2 requires MICU1 to function.10 What then does MICU2 add to the uniporter gatekeeping
function of MICU1? Interestingly, we found that the affinity of MICU1 is higher than that of
MICU2 or the MICU1–MICU2 heterodimer, tempting us to speculate that spatial and temporal
regulation of MICU2 expression may allow further fine-tuning of the uniporter threshold. Several
patients have been reported with MICU1 loss-of-function mutations, presenting with myopathy
and lethargy.44,45 Based on the subtler role of MICU2, we would predict that mutations in MICU2
would have milder presentation than mutations in MICU1.
The steep dependence of our Trp or ANS fluorescence titrations on [Ca2+] suggests
binding cooperativity for MICU1, MICU2 and the MICU1–MICU2 heterodimer. To account for
this, we fitted the data with the Hill equation. The implicit assumption in such an approach is that
the fluorescence change is a quantitative measure of the metal occupancy of the binding sites.
This assumption may or may not be valid depending on the mechanism that couples the local
environment of the reporting Trp to the metal occupancy of the binding site(s). For example, for
a protein with two independent and identical Ca2+-binding sites, the titration will show a lower Kd
and some degree of cooperativity (nH ≤ 1.2) if binding to either site produces a complete change
in fluorescence signal, as compared to the case when the fluorescence is directly proportional to
the metal occupancy.46 However, the differences vanish for a highly cooperative system with the
Hill coefficient approaching the theoretical maximum.46 We observe nH ≈ 2 (Figure 4-1E, G, 42F, H, 4-3H), indicating cooperative Ca2+ binding. Such level of cooperativity can result from
interaction with another Ca2+ binding site within the same monomer or from intermonomer
conformational coupling.
The important functional consequence of the Ca2+-binding cooperativity we observe is
that it allows MICU1–MICU2 to operate essentially as an on–off switch of the uniporter (Figure
4-3H). For example, at ~300 nM Ca2+, uniporter-mediated Ca2+ uptake is almost not observed,
while at ~1 µM Ca2+, uptake is quite robust (Figure 4-6A). These cell physiological observations
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in WT mitochondria can be explained easily by looking at the MICU1–MICU2 Ca2+ titration
curve, where there is less than 20% of the protein Ca2+ bound (as measured by the
conformational change) at 300 nM, but more than 70% Ca2+ bound at 1 µM (Figure 4-3H).
Uniporter cooperativity has been observed by others 9,36,38: the uniporter’s activity has been
reported to increase to the power of 2–3 with the extramitochondrial Ca2+ concentration (in the
low µM range). Our results strongly suggest that this property of the uniporter can be attributed
primarily to the Ca2+ binding properties of the MICU1–MICU2 complex which operates as a
switch.
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Figure 7: Cooperative calcium-binding to MICU1-MICU2 heterodimer relieve
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Figure 4-7: Cooperative Ca2+ binding to MICU1–MICU2 heterodimer relieves inhibition of
the uniporter
The MICU1–MICU2 heterodimer inhibits the uniporter, keeping the channel closed when they
are in Ca2+-free conformation (left). When Ca2+ binds to their EF-hand domains in a cooperative
fashion, at around 620 nM, the heterodimer undergoes a global conformational change,
disinhibiting the uniporter channel (right), allowing it to transport Ca2+. Note the MICU1 and
MICU2 interaction with the membrane via cardiolipin (cyan hexagons symbolize the
headgroups). Note that stoichiometry of the components of the uniporter is unknown.
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In summary, we report mechanistic insights into MICU1/MICU2 regulation of the
uniporter, showing that they form a heterodimer capable of binding Ca2+ with high affinity and
that they interact with the membrane through cardiolipin. We show that MICU1–MICU2 Ca2+
binding determines the threshold of the mitochondrial Ca2+ uniporter, supporting a model in
which the MICU1–MICU2 complex inhibits the uniporter until Ca2+ concentrations rise above a
threshold, and Ca2+ binds to their EF-hand domains, causing a conformational change that
relieves their inhibition on the channel (Figure 4-7). Structural information on the MICU1–MICU2
heterodimer is likely to further help us understand the MICU1–MICU2 regulatory logic and will
be required as we move toward understanding their mechanism of uniporter inhibition.

4.5. Methods
4.5.1. Expression and purification of MICU1 and MICU2 from E. coli
Human MICU1 (NM_001195518.1) and MICU2 (NM_152726.2, codon optimized for E.
coli expression) genes were cloned into the petduet-1 vector with an amino-terminal His6 tag,
and transformed into BL21*DE3 E. coli for protein expression. For the EFmut proteins, EF hand
mutations were made in the Ca2+-binding loops of both functional EF hands (total of four
mutations for each protein) as reported in another reference.10 Proteins were expressed at 37
°C for 4 hours after induction with 0.3 mM isopropyl β-D-1-thiogalactopyranoside (IPTG).
Bacterial pellets following protein expression were frozen at -20 °C overnight, and subsequently
resuspended in 40 mL lysis buffer per 800 mL culture pellet. The lysis buffer contained buffer A
(500 mM NaCl, 25 mM Hepes pH 7.0, 25 mM imidazole, 2 mM dithiothreitol (DTT)) along with
lysozyme, cOmplete protease inhibitor tablets (Roche, 1 per 50 mL), and benzonase. This
resuspended pellet was then sonicated on ice for 2 minutes and centrifuged for 1 hour at 20,000
x g. The cleared lysate was then added to a Ni-NTA column for purification. The column was
washed with 30 column volumes (CV) of buffer A, followed by increasing concentrations of
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imidazole. Proteins were eluted in 200 mM imidazole, 150 mM NaCl, 25 mM Hepes pH 7, and 1
mM DTT. Elutions were then concentrated and centrifuged prior to size exclusion
chromatography (SEC) for further purification and analysis. SEC was performed using an
AKTApure FPLC system at 4 °C with a Superdex 200 column and buffer B (25 mM Hepes pH 7
and 150 mM NaCl) along with the presence or absence of 5 mM CaCl2 or 2 mM EGTA.
Chromatograms presented herein were obtained by injecting protein into a Superdex 200
10/300 column, and when 2 proteins were added together, they were incubated together for at
least 10 minutes prior to injection. For molecular weight determination, a standard curve was
generated using standards from GE Healthcare HMW Calibration Kit.

4.5.2. Differential scanning calorimetry
DSC experiments were performed using 10 µM protein in buffer B with either 5 mM
CaCl2 or 5 mM EGTA. Proteins were dialyzed in their respective buffer for at least 24 hours prior
to the experiment, and the dialysis buffer was used as the reference. Experiments are shown as
traces representative of 3 replicates, with the mean and standard deviation of the melting
temperature plotted.

4.5.3. Ca2+ titration
For titration experiments, proteins were first run on SEC in buffers without Ca2+ or EGTA
added. Each replicate titration was from a separate protein expression and purification and was
performed at room temperature. Proteins were concentrated after SEC and the protein
concentration was determined using the Bradford assay.47 Tryptophan fluorescence was
monitored using a Perkin Elmer LS55 fluorimeter (290 ± 5 nm for excitation, 350 ± 2.5 – 5 nm
for emission). Fluorescence of 8-anilino-1-naphthalenesulfonic acid (ANS) was monitored using
a Perkin Elmer LS55 fluorimeter (372 ± 5 nm for excitation, 450 ± 2.5 – 5 nm for emission).
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Protein was diluted in buffer C (50 mM Hepes pH 7.0, 150 mM NaCl) to 2 µM in 500 µL final
volume, with added 5 µM ANS for ANS fluorescence experiments. Either 1 mM EGTA and 1
mM nitrilotriacetic acid (NTA) or 2 mM EGTA were added, followed by sequential CaCl2
additions from a 100 mM stock solution. Additions were made using a 5 µL Hamilton syringe,
and there was continuous stirring. The fluorescence was recorded 30 – 50 s after each addition
when the reading was stable. Each titration was ended with excess EGTA to ensure the
fluorescence change was reversible. All titrations presented herein were reversible. Free [Ca2+]
was calculated for each point using MaxChelator (maxchelator.stanford.edu).26 Titrations were
fit to a Hill equation using Igor Pro (WaveMetrics, Lake Oswego, OR, USA).
! = !!"# +

!!"# − !!"#
!! !!
(
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[!" !! ]

where F is the Trp fluorescence at a particular Ca2+ concentration, [Ca2+], Fmin is the minimum
fluorescence, Fmax is the maximum fluorescence, Kd is the apparent dissociation constant and nH
is the Hill coefficient. Each replicate was analyzed separately to determine the minimum and
maximum fit values, then normalized from 0 to 1 and all three replicates were combined
together for the fit shown. The Hill coefficient (nH) was further analyzed in MATLAB by forcing
the nH to be from 0.1 to 5 in increments of 0.05, fitting to a Hill equation and calculating the chisquare for each. When there was not a clear minimum, the reported nH is simply the lowest
value that provided an approximate minimum chi-square and the value is reported with an
asterisks following it (for Figure 4-1E, 4-2F).

4.5.4. Lipid interaction strips
Proteins were purified as described above and incubated with membrane lipid strips
(Echelon, P-6002), according to the manufacturer’s protocol. All steps were carried out at room
temperature. Briefly, the membrane was blocked with 3% bovine serum albumin (BSA) in TBS-T
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for one hour; then protein (10 µg) was incubated with the membrane in 3% BSA in TBS-T for
one hour. The membrane was subsequently washed (3 times, 5 minutes each with 5 mL of
TBS-T). From here the protocol performed was identical to an immunoblot, using 6xHis antibody
(Cell Signaling, 2365S) as the primary antibody. Experiments were repeated three times, with
cardiolipin showing up as the strongest signal each time for both proteins.

4.5.5. Liposome flotation assays
Bovine heart lipids purchased from Avanti (840012P, 840052P, 840025P) were
dissolved in chloroform and mixed in the indicated ratios, along with a trace amount of Texas
Red 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (Life Technologies, T-1395MP),
then dried in a borosilicate vial with Ar (g) and further dried overnight under vacuum. Dried lipids
were hydrated in buffer B with either 5 mM CaCl2 or 5 mM EGTA. Liposomes were then made
by freeze-thawing. 500 µg of liposomes were incubated for 10 minutes with 25 µg of protein at
room temperature in a final volume of 450 µL in buffer B (with either 5 mM CaCl2 or 5 mM
EGTA). The liposome/protein solution was then mixed 1:1 with 80% Histodenz solution made in
buffer B (with either 5 mM CaCl2 or 5 mM EGTA). This was added as the bottom layer in an
ultracentrifuge tube (total volume of this layer is 900 µL). A solution of 30% Histodenz in buffer B
(with either 5 mM CaCl2 or 5 mM EGTA) was layered on top (750 µL), followed by a layer of 200
µL buffer C (again with either 5 mM CaCl2 or 5 mM EGTA).
The gradients were centrifuged in an ultracentrifuge at 48,000 rpm for 3 hours at 4 °C,
during which time the liposomes and bound protein float to the top. The top layer was then
collected and the fluorescence was measured using an Envision plate reader and compared to
the assay input liposome fluorescence in order to normalize the amount of liposome for each to
load onto the gel. For the no liposome controls, since quantitation by fluorescence was not
possible, the same volume of collected top layer was used rather than relying on fluorescent
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lipid for quantitation. Each sample was then diluted in reducing sample buffer, boiled and
subjected to SDS-PAGE and Coomassie staining. The input was loaded in serial dilution to
quantify the protein recovery in the samples. Densitometry using ImageJ was performed to
estimate the percent protein recovery for each sample. Assays were repeated at least three
times, and error bars represent standard deviation.

4.5.6. Cell culture
HEK-293T cells were grown at 37 °C and 5% CO2 in Dulbecco’s modified Eagle medium
(DMEM) (Life Technologies) with 10% fetal bovine serum (Sigma F6178), along with penicillin,
streptomycin, and glutamine (Life Technologies). Cells were obtained from the American Type
Culture Collection (ATCC), routinely tested for mycoplasma contamination, and were
authenticated using short tandem repeat (STR) profiling. HEK-293T cells deficient in MICU1
and/or MICU2 were made using transcription activator-like effector nuclease (TALEN), as
reported previously.10 Briefly, after transfection with the TALEN construct using Lipofectamine
2000 (Invitrogen), individual clones were isolated by single cell cloning. The sequence of each
allele was determined from PCR products surrounding the targeted region and clones were
identified with a premature stop codon in all alleles for MICU1 or MICU2. KO was further verified
by western blot. All exogenous expression of the constructs used herein was accomplished by
stable transfection, followed by selection with 200 µg/mL hygromycin B or 2 µg/mL puromycin.
The lentiviral plasmids used for stable cell lines were previously reported.10

4.5.7. Immunoblots of cell lysates
Cells were washed twice with phosphate buffered saline (PBS), scraped, and the cell
pellet was resuspended in lysis buffer containing 50 mM Hepes pH 7.4, 150 mM NaCl,
cOmplete protease inhibitor (1 tablet/30 mL, Roche) and 0.2% n-Dodecyl β-D-maltoside (DDM,
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Sigma). After incubation for 10 minutes at 4 °C, lysates were cleared by centrifugation at 20,000
x g for 10 minutes at 4 °C. Cleared lysates were diluted to normalize protein concentration and
reducing sample buffer was added. Samples were subjected to SDS-PAGE using Tris-Glycine
gels (Life Technologies) followed by immunoblotting using antibodies from the following
sources: Abcam (MICU2 ab101465), Sigma (MICU1 HPA037480, MCU HPA016480, LRPPRC
SAB2700419), Bethyl (EMRE), and BD Biosciences (TIMM23 611222). Uniporter antibodies
have been validated in HEK-293T cells by using KO cell lines herein and using KO cell lines in
Sancak et al.5 Molecular weights are indicated based on protein ladder from Thermo Scientific
(#26623).

4.5.8. Evaluating Ca2+ uptake in permeabilized cells
Cells were permeabilized in buffer containing 125 mM KCl, 2 mM K2HPO4,1 mM MgCl2,
20 mM HEPES at pH 7.2, 0.005% digitonin, 5 mM glutamate and malate and a cellimpermeable Ca2+ indicator (either 1 µM Fluo-4 or 0.5 µM Oregon Green-Bapta6F).
Experiments were done using a Perkin Elmer LS55 fluorimeter in a 500 µL cuvette with stirring
and were performed at room temperature.
For baseline [Ca2+] determination, cells were stirred in the permeabilization buffer (with
Fluo-4) for 10 minutes before measuring the extramitochondrial Ca2+ concentration. Then the
minimum and maximum fluorescence was determined by adding 100 µM EGTA (for the
minimum fluorescence) followed by 4 mM CaCl2 (for the maximum fluorescence), and these
were used along with the reported dye Ca2+ affinity to determine the Ca2+ concentration at
baseline. At least three replicates were performed for each experiment, and the mean and
standard deviation are reported for each genotype. When the baseline exceeded 1 µM Ca2+ (in
Figure S3-5A), the experiment was repeated with Oregon Green-Bapta6F instead of Fluo-4.
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Ru360 was used at 1 µM, CGP-37157 was used at 10 µM, and thapsigargin was used at 2 µM,
where indicated.
For the experiments involving pulsing in small amounts of Ca2+ to find the uniporter
threshold, cells were stirred in permeabilization buffer with Fluo-4. Twenty µM EGTA was added
to decrease the baseline Ca2+ below the uniporter’s threshold, followed by 0.5 – 1.5 µL pulses of
1.5 or 5 mM CaCl2. Ca2+ uptake is considered to be present when at least 10% of the
pulse/minute is taken up following the pulse of Ca2+. The minimum and maximum fluorescence
were determined at the end of the experiment as for the baseline determination in order to
calculate the [Ca2+]. Dye Kd’s were experimentally determined using the same EGTA and CaCl2
solutions and method for calculating free [Ca2+] as in the in vitro Ca2+ titration experiments. The
experimentally determined Kd agreed with the reported value (300 nM). Experiments were
repeated at least three times and a representative trace is shown for each.
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Chapter 5. MICU1 augments the selectivity of the uniporter for calcium over manganese1

This chapter was reproduced in part from: Kamer, K.J., Sancak, Y., Fomina, Y., Meisel, J.D.,
Chaudhuri, D., Grabarek, Z. and Mootha, V.K. MICU1 imparts the mitochondrial uniporter
with selectivity for Ca2+ over Mn2+. In preparation.
1

5.1. Summary
The mitochondrial Ca2+ uniporter displays thermodynamic properties that are seemingly
incompatible: exceptionally high conductance and remarkable ion selectivity. Here we report
metal toxicity screens highlighting the uniporter’s critical role in cellular Mn2+ toxicity. Cells
lacking the pore forming uniporter subunit, MCU, are resistant to Mn2+ toxicity, while cells
lacking the Ca2+-sensing regulatory subunit, MICU1, are more sensitive. Consistent with these
findings, C. elegans lacking the uniporter are also resistant to Mn2+ toxicity, extending these
findings to a whole organism. We further show that in the absence of MICU1, both Mn2+ and
Ca2+ can pass through the uniporter, as evidenced by Mn2+ uptake assays, membrane potential
measurements, and mitoplast electrophysiology. We show that Mn2+ does not elicit the
conformational change in MICU1 that is elicited by Ca2+, preventing Mn2+ from facilitating
uniporter disinhibition through MICU1. We conclude that the uniporter’s ability to discriminate
between Ca2+ and Mn2+ resides in part in its regulatory subunit. The results provide biophysical
insight into this remarkable channel and may have implications for human disorders of MICU1
deficiency.

5.2. Introduction
The mitochondrial uniporter is a Ca2+ channel in the inner mitochondrial membrane,
which exhibits both remarkably high conductance and high ion selectivity.1 The uniporter has
the ability to discriminate between Ca2+ and other cations, even those that are ~3−6 orders of
magnitude more abundant, such as K+ or Mg2+. Typically, ion selectivity in Ca2+ channels is
afforded by a region of the pore known as the selectivity filter, a narrow passage that contains
acidic amino acids.2 The uniporter’s selectivity filter is conferred by the “DXXE” motif, which is
located at the intermembrane space (IMS)-facing apex of the pore.3,4
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In addition to Ca2+, the uniporter has been shown to transport Mn2+ under certain
conditions. In fact, as far back as 1955, Maynard and Cotzias showed that an intraperitoneal
injection of Mn2+ in rats leads to Mn2+ accumulation in liver mitochondria.5 One decade later,
investigations of mitochondrial Mn2+ transport began in the context of studying mitochondrial
Ca2+ transport via a mechanism that would later be called the uniporter. Since then, Mn2+
transport by the uniporter has been documented in isolated mitochondria from different tissues,
including heart, kidney, brain, and liver.6-10 Mitochondrial Mn2+ uptake was shown to be
consistent with transport through the uniporter: (1) it is sensitive to the uniporter inhibitor Ru360,
(2) it is increased in the presence of phosphate, and (3) it is dependent on the organelle’s
membrane potential.7,11 Furthermore, it has been shown that Mn2+ transport through the
uniporter is activated by Ca2+, but Ca2+ transport is retarded in the presence of Mn2+.6,12 More
recently, electrophysiological characterization of the uniporter has confirmed these results,
finding that Mn2+ can be transported by the uniporter, albeit with much lower conductance than
Ca2+.1
Recent studies have revealed that the uniporter is a macromolecular complex, consisting
of a pore-forming transmembrane protein MCU and its paralog MCUb, a small membranespanning protein EMRE, and the paralogous, peripheral membrane proteins MICU1 and
MICU2.13-19 MCU and EMRE together form a “minimal” uniporter complex capable of Ca2+
uptake activity in vivo.20 MCUb appears to be a negative regulator.19 MICU1 and MICU2 are
Ca2+-binding EF hand containing proteins that act together as regulators of the uniporter.16,21-25
At resting Ca2+ levels (~0.1 µM) the MICU1-MICU2 complex keeps the channel closed. The
inhibition is relieved upon structural changes induced by Ca2+-binding to the MICU1-MICU2
complex.25,26
Here, we have evaluated the Ca2+/Mn2+ selectivity of the uniporter in HEK-293T and
K562 cells. We find that in cells lacking MICU1, Mn2+ can be transported through the uniporter.
However, in wild-type (WT) cells harboring the intact uniporter complex, Mn2+ can only be
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transported if MICU1 has Ca2+ bound at its EF-hand sites. We further show that Mn2+ binds to
MICU1 but is unable to induce the structural transitions specific to Ca2+, which are required for
disinhibition of the uniporter. Our results provide a mechanistic explanation for the longstanding
observation that Mn2+ transport into mitochondria is accelerated by Ca2+. We conclude that the
exceptional ion selectivity of the uniporter resides, in part, in the MICU1-MICU2 complex.

5.3. Results
5.3.1. Chemical-genetic screen identifies Mn2+ as toxic in a uniporter-dependent manner
We conducted a chemical-genetic epistasis screen to identify interactions between the
uniporter machinery and various divalent metal ions. Specifically, we evaluated the growth
sensitivity of three HEK-293T cell lines (WT, MCU KO, MICU1 KO) to increasing concentrations
of nine metals: mercury, copper, nickel, zinc, cobalt, strontium, iron, cadmium and manganese.
Mitochondrial Ca2+ uptake is augmented in MICU1 KO cells at low concentrations of Ca2+ 24 and
completely abolished in MCU KO cells,14 consistent with conclusions from knockdown
experiments.17,18,22,27 Thus, we reasoned that the MCU and MICU1 KO cell lines should have
different responses to any metal ion whose toxic effect involves mitochondrial uptake via the
uniporter. We performed dose response titrations in standard glucose containing media, as well
as in media containing galactose, which forces cells to rely on oxidative phosphorylation as a
source of ATP,28,29 which we reasoned may exacerbate the observed toxicity if it is of
mitochondrial origin.
Of the nine metals that we tested, six (mercury, copper, zinc, cobalt, cadmium and
manganese) exhibited clear toxic effects on cell viability in both media conditions (Table 5-1,
Figure S4-1, S4-2). Three metals (nickel, strontium and zinc) did not show toxicity in the range
of concentrations we tested in either media condition. These toxicity assays were performed
using CellTiter-Glo as a readout, which reports ATP levels. The toxic metals inhibited cell
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growth with LD50 between 3 and 300 µM, in order of decreasing toxicity as follows: Cd2+ > Hg2+ >
Mn2+ > Zn2+ > Cu2+ ≈ Co2+, in both media conditions.
Table 5-1: LD50 values from a metal toxicity screen depend on uniporter genotype
Values of LD50 calculated from toxicity screens using CellTiter-Glo as a readout are listed for
each metal for HEK-293T cells (WT, MCU KO or MICU1 KO) in two different media conditions
(containing glucose or galactose). The LD50 from a sigmoidal dose-response curve fit with
variable slope along with the standard error of the fit are listed where applicable and the
asterisks to the right of the number denotes p-value < 0.05 comparing to the WT in the same
Table 1
condition. Graphical representation
of the data is presented in Figure S4-1 and S4-2.

galactose

glucose

LD50 (µM)
MCU KO

WT
MICU1 KO
Metals
Cadmium
2.79 ± 0.14 2.59 ± 0.14
2.75 ± 0.15
Mercury
17.6 ± 0.7 13.5 ± 0.6 * 16.6 ± 1.9
Manganese
124 ± 5
196 ± 16 *
53 ± 3
*
Zinc
187 ± 16
175 ± 12
164 ± 12
Copper
239 ± 12
213 ± 16
286 ± 25
Cobalt
>250
>250
>250
Nickel
>250
>250
>250
Strontium
>300
>300
>300
Iron
>500
>500
>500
Cadmium
3.78 ± 0.22 6.2 ± 0.8 * 3.92 ± 0.26
Mercury
27.3 ± 2.3 16.9 ± 2.0 * 33.3 ± 1.9 *
Manganese
84 ± 5
147 ± 14 *
34 ± 2
*
Zinc
159 ± 10
153 ± 17
144 ± 10
Copper
233 ± 26
126 ± 13 * 241 ± 20
Cobalt
>250
>250
>250
Nickel
>250
>250
>250
Strontium
>300
>300
>300
Iron
>500
>500
>500
*denotes p-value<0.05 compared to WT

Of the nine metals, Mn2+ was the only metal that showed a significant genetic interaction
with MCU or MICU1 loss in both media conditions (Figure 5-1A-D, Table 5-1). Specifically, Mn2+
proved to be toxic in a uniporter-dependent manner, with MICU1 KO cells exhibiting increased
sensitivity whereas MCU KO cells exhibited resistance to Mn2+ toxicity (Figure 5-1A,B). We
further tested this observation using an independent readout of cell viability—counting nuclei.
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This assay confirmed that MICU1 KO cells are more sensitive to Mn2+ than WT cells (Figure 51C,D). Conversely, the MCU KO cell line appears to be more resistant to Mn2+ toxicity, though
the results are less striking (Figure 5-1C,D). Thus, MICU1 KO cells show increased sensitivity to
Mn2+ in both media conditions using two different readouts, while MCU KO cells are more
resistant to Mn2+ toxicity (Table 5-1, Figure 5-1A-D).
Next, we rescued the expression of MICU1 or MCU in their respective KO cell lines in
order to ensure that the Mn2+ toxicity is not an off-target effect of genome-editing.
Overexpression of MICU1-FLAG in MICU1 KO cells and MCU-FLAG in MCU KO cells (Figure
S4-3A-B), respectively, cancels out this differential Mn2+ toxicity. The MICU1 KO + MICU1 cells
display less sensitivity to Mn2+, close to WT levels, while the MCU KO + MCU cells are slightly
less resistant to Mn2+ in both glucose and galactose media conditions (Figure S4-3C-D, Table
S4-1). Thus, the difference in Mn2+ sensitivity is not due to an off-target effect of genome-editing.

5.3.2. C. elegans lacking mcu-1 display resistance to Mn2+ toxicity
After finding differential Mn2+ toxicity for HEK-293T cells lacking MCU or MICU1, we
wondered if this uniporter-dependent Mn2+ toxicity would extend to a whole organism. To test
this question, we used C. elegans. We obtained a CRISPR knockout of mcu-1—the MCU
ortholog in C. elegans—which has previously been shown to be required for mitochondrial
calcium uptake after wounding,30 suggesting that these animals indeed lack uniporter activity.
We compared Mn2+ toxicity in the mcu-1 KO animals with WT animals. As predicted from our
cellular experiments, mcu-1 KO protects C. elegans from Mn2+ toxicity, increasing the 50%
lethal dose (LD50). Thus, the uniporter is important for in vivo Mn2+ toxicity in C. elegans,
extending our results in cell culture to a whole organism.
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Figure 5-1: MICU1 KO HEK-293T cells are sensitized to Mn2+, whereas MCU KO cells are
less sensitive than WT
(A) HEK-293T cells (WT, MCU KO and MICU1 KO) were treated with a range of concentrations
of MnCl2 in media containing high glucose. Cell viability was measured using CellTiter-Glo. (B)
HEK-293T cells (WT, MCU KO and MICU1 KO) were treated with a range of concentrations of
MnCl2 in media lacking glucose, containing galactose. Cell viability was measured using
CellTiter-Glo. (C) HEK-293T cells (WT, MCU KO and MICU1 KO) were treated with a range of
concentrations of MnCl2 in media containing high glucose. Cell viability was measured by
counting nuclei. (D) HEK-293T cells (WT, MCU KO and MICU1 KO) were treated with a range
of concentrations of MnCl2 in media lacking glucose, containing galactose. Cell viability was
measured by counting nuclei. (A-D) The y-axes are normalized to untreated controls (note that
due to the log scale the untreated cells are not shown). (E) C. elegans were treated with a range
of concentrations of manganese and the fraction living after 24 hours is plotted. Data shown
represent the average ± standard error of the mean of four (E) or six (A-D) technical replicates.
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5.3.3. Mn2+ is transported through the uniporter in MICU1 KO HEK-293T cells
Taking our screening results together, we hypothesized that the differential Mn2+ toxicity
is due to Mn2+ transport into mitochondria through the uniporter and that MICU1 may be
inhibiting this Mn2+ transport. To test this hypothesis, we utilized permeabilized cell ion
clearance assays in HEK-293T cells. First, we needed a robust way to measure Mn2+
concentration in real time. To this end, we identified a Ca2+ indicator that can be used both as a
Ca2+ indicator and a Mn2+ indicator with a Kd for Mn2+ in an appropriate range: Calcium Green5N (CaG5N). We find that the CaG5N fluorescence increases with [Mn2+], with a higher affinity
than for Ca2+ (KdMn2+ = 0.4 µM, KdCa2+ = 38 µM) (Figure 5-2A). The arrows on the titration curve
indicate the concentrations of Mn2+ or Ca2+ used in subsequent CaG5N experiments. This dye
allowed us to observe mitochondrial Mn2+ uptake in real time.
Using CaG5N as a Mn2+ indicator, we measured extra-mitochondrial Mn2+ levels in
response to a 3 µM pulse of Mn2+ using permeabilized HEK-293T cells. The MICU1 KO cell line
displayed robust Mn2+ uptake, as indicated by the time dependent decrease in the fluorescence
signal. In contrast, no uptake was observed for WT, MCU KO, MCU KO + MCU, nor MICU1 KO
+ MICU1 cell lines (Figure 5-2B). Furthermore, the Mn2+ uptake we observed in MICU1 KO cells
is sensitive to Ru360 (a classical uniporter inhibitor) and CCCP (an uncoupler which eliminates
the mitochondrial membrane potential needed for uniporter-mediated transport) (Figure 5-2C).
These results indicate that the Mn2+ uptake occurs through the uniporter in the absence of
MICU1.
Drawing inspiration from previous literature showing that Mn2+ uptake into mitochondria
is increased in the presence of Ca2+,6,12 we examined the Ca2+-dependence of Mn2+ uptake in
HEK-293T cells. When given a pulse of 3 µM Mn2+, cells with MICU1 (MICU1 KO + MICU1
rescue cells) do not exhibit Mn2+ uptake (Figure 5-2D), similar to WT cells in Figure 5-2B.
However, with a subsequent pulse of Ca2+ (12 µM), both accelerated Mn2+ uptake and Ca2+
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Figure 5-2: Loss of MICU1 or presence of Ca2+ promotes MCU-mediated Mn2+ uptake into
mitochondria in HEK-293T cells
(A) Titration curves for Calcium Green-5N (CaG5N) fluorescence with varying concentrations of
Ca2+ or Mn2+. Fluorescence was measured using a PerkinElmer Envision fluorimeter. Arrows
indicate 3 µM Mn2+ (red) and 12 µM Ca2+ (black) for reference. Titrations were performed using
the same buffer as in subsequent ion clearance experiments, with no cells. (B and C) Cells were
permeabilized with digitonin in the presence of the CaG5N fluorescent dye and given a pulse of
3 µM Mn2+. CaG5N fluorescence was monitored using a PerkinElmer LS55 fluorimeter and is
reporting on relative extramitochondrial [Mn2+]. Where indicated, 1 µM CCCP was added to
uncouple mitochondria or 1 µM Ru360 was added to inhibit the uniporter and were present
throughout the trace. (D-F) MICU1 KO cells with exogenously expressed MICU1 (D), MCU KO
cells (E) and MICU1 KO cells (F) were permeabilized and CaG5N was used to monitor
extramitochondrial Mn2+ or Ca2+ levels. Ca2+ pulses indicated are 12 µM and Mn2+ pulses are 3
µM. Note that due to the higher affinity of CaG5N for Mn2+ most of the fluorescence signal
comes from CaG5N-Mn2+ complex when both divalent cations are present. (G-N) Mitochondrial
membrane potential was monitored with TMRM and the signal is inverted (such that higher
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Figure 5-2 Continued: Loss of MICU1 or presence of Ca2+ promotes MCU-mediated Mn2+
uptake into mitochondria in HEK-293T cells
signal corresponds to increased membrane potential). G/M indicates the addition of 5 mM
glutamate and malate to energize the mitochondria. Pulses of Ca2+ or Mn2+ indicated are 100
µM, and CCCP indicates the addition of 1 µM CCCP to uncouple mitochondria. Where
indicated, 1 µM Ru360 was present throughout the trace. Representative traces of three
biological replicates are shown for each experiment.

uptake occur, as indicated by increased slope of the trace, which continues until the Ca2+ pulse
likely has been fully taken up (Figure 5-2D). Then, the trace returns to very low slope indicating
little or no Mn2+ uptake, similar to that preceding the Ca2+ pulse. For reference, the same size
Ca2+ pulse is shown on the graph (lower trace) in cells without Mn2+ addition. Note that the
affinity of the dye for Mn2+ is much higher than for Ca2+ while the maximum fluorescence is
similar (Figure 5-2A), so the bulk of the fluorescence signal is due to Mn2+ when both ions are
present, and the bulk of the signal reduction is due to Mn2+ uptake. In cells lacking MCU very
low or no Mn2+ uptake is seen even after a pulse of Ca2+ (Figure 5-2E). Thus, this Ca2+stimulated Mn2+ uptake is indeed due to uniporter-mediated Mn2+ transport. In contrast, cells
lacking MICU1 show a much faster initial Mn2+ uptake rate and an increase in the slope after a
Ca2+ pulse is given (Figure 5-2F) most likely represents the Ca2+ uptake, since at the time of
Ca2+ addition much of Mn2+ is already taken up.
We also monitored ion uptake into mitochondria by observing membrane potential in
HEK-293T cells using tetramethylrhodamine, methyl ester (TMRM). WT cells show membrane
potential decrease in response to a Ca2+ pulse (Figure 5-2G), while MCU KO cells do not
(Figure 5-2H). MICU1 KO cells, like WT, exhibit membrane depolarization in response to Ca2+
(Figure 5-2I), an effect that is sensitive to Ru360 (Figure 5-2J). The mitochondrial membrane
potential of WT and MCU KO cells, however, does not respond to Mn2+ (Figure 5-2K,L); only the
MICU1 KO cell line exhibited a membrane potential decrease after a pulse of Mn2+ (Figure 52M). This Mn2+ induced decrease of membrane potential in the absence of MICU1 is sensitive to
Ru360 (Figure 5-2N), consistent with our results from measuring Mn2+ clearance using CaG5N.
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Together, these results support the notion that this membrane depolarization is due to Mn2+
transport through the uniporter.
We next turned to an independent assay directly measuring mitochondrial Mn2+ current
using electrophysiology in HEK-293T mitoplasts. We voltage-clamped mitoplasts that were
isolated from WT cells or MICU1 KO cells, measuring their mitochondrial Ca2+ or Mn2+ current.
Mitoplasts from these two cell lines were indistinguishable in Ca2+ current (Figure 5-3A,B), while
Mn2+ current was significantly increased in the MICU1 KO cell line compared to WT (Figure 53C,D). Thus, results from measuring Mn2+ clearance using a fluorescent dye, mitochondrial
membrane potential decrease in response to Mn2+, and electrophysiology are all consistent with
increased Mn2+ transport through the uniporter in the absence of MICU1 in HEK-293T cells.
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Figure 5-3: MICU1 KO HEK-293T mitoplasts have increased Mn2+ current
(A, C) Exemplar traces of Ca2+ (A) and Mn2+ (C) currents obtained during voltage ramps from 140 to +80 mV, for WT (left) or MICU1 KO (right) cells. Voltage ramp protocol shown above.
Currents have been normalized for mitoplast capacitance to control for mitoplasts of different
sizes. (B, D) Summary data for current density at -140 mV (n = 6-7). ** p < 0.01.
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MICU1 and MICU2 work together in the regulation of the uniporter, so we were curious
whether the Mn2+ uptake we find with MICU1 loss would extend to MICU2 loss. Previous genetic
studies have demonstrated MICU1 Ca2+-dependent regulation of the uniporter in the presence
or absence of MICU2. However, MICU2 requires the presence of MICU1 in order to also
contribute to regulation, raising a model in which MICU2 operates via MICU1 to influence the
pore’s activity.24 We performed a Mn2+ uptake experiment in MICU2 KO HEK-293T cells24 using
CaG5N (Figure S4-4). MICU2 KO cells display very little Mn2+ uptake until Ca2+ is added (Figure
S4-4), similar to wild-type HEK-293T cells (Figure 5-2B,D), but strikingly different from the same
experiment in MICU1 KO cells (Figure 5-2B.F). Thus, MICU2 loss alone cannot promote the
MCU-mediated mitochondrial Mn2+ uptake.

5.3.4. Mn2+ is transported through the uniporter in MICU1 KO K562 cells
Next, we tested whether the MICU1 loss-dependent Mn2+ uptake might be cell-type
specific by performing experiments in another cell type—K562 cells. First, we used transcription
activator-like effector nuclease (TALEN) technology to knock out MICU1 in K562 cells and
verified KO by immunoblot (Figure S4-5). Using permeabilized K562 cells and monitoring Mn2+
levels using CaG5N, we show that only MICU1 KO cells exhibit Mn2+ uptake, but not WT or
either cell line with the addition of Ru360 (Figure 5-4A). We also performed experiments giving
a pulse of Ca2+ with or without first giving a pulse of Mn2+. Similar to the results with HEK-293T
cells, in K562 cells a much greater rate of Mn2+ uptake is observed in the MICU1 KO cells than
in WT cells (Figure 5-4B,C). A small spike in uptake rate during a Ca2+ pulse (Figure 5-4B) most
likely represents the Ca2+ uptake since much of the initial Mn2+ is already taken up. For the WT
cells, there is little initial Mn2+ uptake and a significant transient acceleration during a Ca2+ pulse
(Figure 5-4C).
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Figure 5-4: Loss of MICU1 or presence of Ca2+ promotes MCU-mediated Mn2+ uptake into
mitochondria in K562 cells
(A) Cells were permeabilized with digitonin in the presence of the Calcium Green-5N (CaG5N)
fluorescent dye and given a pulse of 3 µM Mn2+. CaG5N fluorescence was measured using a
PerkinElmer LS55 fluorimeter and is reporting on extramitochondrial Mn2+ levels. Where
indicated, 1 µM Ru360 was added to inhibit the uniporter. (B and C) MICU1 KO cells (B) and
WT cells (C) were permeabilized and CaG5N was used to monitor extramitochondrial Mn2+ or
Ca2+ levels. Ca2+ pulses are 12 µM and Mn2+ pulses are 3 µM. (D-I) Mitochondrial membrane
potential monitored with TMRM and the signal is inverted (such that higher signal corresponds
to increased membrane potential). G/M indicates the addition of 5 mM glutamate and malate to
energize the mitochondria. Pulses of Ca2+ or Mn2+ indicated are 100 µM, and CCCP indicates
the addition of 1 µM CCCP to uncouple mitochondria. Where indicated, 1 µM Ru360 was
present throughout the trace. Representative traces of three biological replicates are shown.

Experiments monitoring mitochondrial membrane potential during pulses of Ca2+ or Mn2+
in K562 cells also suggest that Mn2+ uptake occurs in the absence of MICU1 and is mediated by
the uniporter. WT mitochondria exhibit mitochondrial membrane depolarization in response to
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Ca2+ but not in response to Mn2+ pulses (Figure 5-4D,E), while the MICU1 KO mitochondria are
depolarized in response to either Ca2+ or Mn2+ (Figure 5-4F,G), an effect sensitive to Ru360
(Figure 5-4H,I). Thus, experiments with K562 cells are consistent with our conclusions from
HEK-293T cells that WT cells do not respond to Mn2+ while MICU1 KO cells take up Mn2+ into
mitochondria through the uniporter.

5.3.5. Mouse isolated mitochondria do not exhibit Mn2+ uptake
Our results in cell lines seem to differ from previous reports on isolated tissue
mitochondria that reported Mn2+ uptake using different methods.6-10 Thus, we sought to
determine if, using our methods, isolated WT mouse tissue mitochondria would respond to
pulses of Mn2+. We first used CaG5N to monitor Ca2+ clearance in isolated liver or kidney
mitochondria, finding that mitochondria from both tissues exhibit robust Ru360-sensitive Ca2+
uptake (Figure S4-6A). Using the same assay to monitor Mn2+ uptake, we did not detect any
Mn2+ uptake in either liver or kidney mitochondria (Figure S4-6B). We next monitored
mitochondrial membrane potential using TMRM (Figure S4-6C-H). We find that Ca2+ induces
depolarization in both liver and kidney (Figure S4-6C,F), while Mn2+ induces only a negligible
response (Figure S4-6D,G), which nevertheless is sensitive to Ru360 (Figure S4-6E,H). It
seems plausible that this effect is caused by traces of Ca2+ keeping a small fraction of MICU1 in
the active state. This experiment strongly suggests that there is little, if any, Mn2+ uptake in WT
mouse liver or kidney mitochondria.

5.3.6. MICU1 binds Mn2+ and Ca2+, but only Ca2+ elicits a conformational transition
Why does MICU1 inhibit Mn2+ flux through the uniporter, but allow Ca2+? As the
uniporter gating function of MICU1 depends on the Ca2+-induced structural transitions, we
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tested if MICU1 binds Mn2+. To this end, we monitored the stability of MICU1 to thermal
denaturation using differential scanning fluorimetry (DSF). In this assay, a dye that increases
fluorescence in a hydrophobic environment (SYPRO Orange) is used to monitor the unfolding of
a protein as temperature is increased. When proteins bind ligands, the binding is often
accompanied by an increase in stability that can be measured by an increase in melting
temperature. Thus, DSF can be used as a readout for ligand binding. We found that both Ca2+
and Mn2+ significantly stabilize MICU1, though Ca2+ binding induces a slightly greater increase
in unfolding temperature (Figure 5-5A). When Ca2+ binds to MICU1’s EF hand Ca2+-binding
domains, MICU1 undergoes a conformational change, as evident in published crystal
structures.26 The effect can be readily monitored by fluorescence upon introducing a tryptophan
(Trp) probe into a region that, for example, changes solvent exposure upon Ca2+ binding.25
Thus, we used MICU1F223W to monitor the conformational changes upon ion binding to the EF
hand domains. Using this protein, we monitored Trp fluorescence before and after adding either
Ca2+ or Mn2+. The Ca2+ pulse resulted in a large reduction in Trp fluorescence (Figure 5-5B,C).
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Figure 5-5: MICU1 binds Mn2+, but does not undergo the Ca2+-specific conformational
change
(A) Differential scanning fluorimetry (DSF) of MICU1 in the presence and absence of 10 mM
Ca2+ or Mn2+. Data shown represent the average ± standard deviation (SD) of five independent
biological replicates. (B, C) Intrinsic tryptophan fluorescence of purified MICU1F223W is monitored
(λexc =290 ± 5 nm, λem =350 ± 2.5 nm) with the addition of 1 mM Mn2+ or Ca2+. Real time
monitoring is shown (B). The average ± SD of three independent biological replicates is shown
for the baseline fluorescence and the fluorescence after addition of Mn2+ or Ca2+ (C). The large
difference between the fluorescence after addition of Ca2+ vs. Mn2+ is statistically significant
(p=0.004) and indicates inability of Mn2+ to induce the conformational transition in MICU1.
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In contrast, the Mn2+ pulse did not cause a change in Trp fluorescence (Figure 5-5B,C),
suggesting that Mn2+ binding to MICU1 does not induce the conformational change that is
characteristic of Ca2+ binding. Hence, despite the bound Mn2+, as evidenced by DSF
experiments, MICU1 retains the off state conformation.
Taking our results together, we propose the following mechanism (Figure 5-6). In the
native uniporter complex with all components present, when Ca2+ levels rise, Ca2+ binds to
MICU1 EF hands and induces a conformational change that renders the channel open. In this
state the uniporter permits transport of Ca2+ or Mn2+. However, when Mn2+ levels rise in the
absence of Ca2+, Mn2+ binds to the EF hands of MICU1 but does not induce a conformational
change as Ca2+ would, so MICU1 remains in the off state and continues to inhibit the uniporter
complex (Figure 5-6). In the absence of MICU1 (MICU1 KO cells) the ion selectivity of MCU is
insufficient to discriminate between Ca2+ and Mn2+, so both can permeate the MCU pore (Figure
5-6). However, some level of selectivity from MCU may occur due to a difference in affinity of
the two carboxylate rings of the MCU selectivity filter (DXXE) for Mn2+ as compared to Ca2+.4

Ca2+
Mn2+

MICU1

IMS

MICU1

MICU1

MICU1

matrix

Mn2+ transport

No Mn2+ transport

Ca2+ and Mn2+ transport

Figure 5-6: MICU1 augments the ion selectivity of the uniporter
Schematic representation of the response of the uniporter pore (in gray) to Mn2+ under three
conditions: left panel, in the absence of MICU1; middle panel, in the presence of MICU1; and
right panel, in the presence of both MICU1 and Ca2+. In the absence of MICU1, the uniporter
pore can transport Mn2+ (with or without the presence of Ca2+). When MICU1 is present, Mn2+
binds to MICU1, but does not elicit a conformational transition, so the uniporter does not
transport Mn2+. When MICU1 is present along with Ca2+, Ca2+ binds to MICU1’s EF hands,
eliciting a conformational transition in MICU1 which allows both Ca2+ and Mn2+ passage through
the pore. Note that it is not known how Ca2+ binding to MICU1 leads to uniporter ion transport,
nor is the stoichiometry of uniporter components known. MICU1 is depicted as a heterodimer
with MICU2 (in darker blue).
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5.4. Discussion
In the current study, we have demonstrated that the ability of the mitochondrial uniporter
to discriminate between Ca2+ and Mn2+ is conferred, in part, by its regulatory subunit MICU1.
When MICU1 is absent, both Mn2+ and Ca2+ can pass freely through the uniporter. In the holocomplex, Mn2+ transport is blocked unless Ca2+ engages the EF hands of MICU1 to induce a
specific conformational transition (Figure 5-6).
The mechanisms underlying the selectivity of ion channels in general and of Ca2+
channels in particular are not well understood. The main difficulty is that the strength of binding
by the selectivity filter has to overcome the hydration energy and has to be balanced with the
speed of transport through the channel, which can approach 106 ions per second. There has
been significant discussion in the literature concerning divalent versus monovalent ion
selectivity, and it is thought that the charge density difference is an important factor.2 Here we
consider the ability of the uniporter to discriminate between two divalent metal ions that have
similar coordination geometry and differ only slightly in ionic radius. Currently there are several
cryo-EM and X-ray structures of tetrameric Ca2+ channels available, including the IP3 receptor,
the ryanodine receptor, the voltage gated Cav1.1, and of several channels from the transient
receptor potential (TRP) family. In these structures the Asp residues in the selectivity filter
appear to be positioned to directly bind the dehydrated Ca2+.31 The selectivity filters in
pentameric ligand gated channels (pLGIC family)32 or the Orai hexameric channel33 are
positioned less tightly, possibly allowing a passage of a partially hydrated Ca2+, which would be
important for the speed of transport. As it is likely that divalent metal ions are translocated
through channels in a partially hydrated form, it has been difficult to explain, until now, how the
uniporter is able to reject the smaller Mn2+. Clearly, the pore of the uniporter does not have the
ability to fully discriminate between the two ions. This function resides in the regulatory subunit
and is a characteristic of the EF-hand motif.
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The fact that the uniporter’s pore has limited metal ion selectivity is, perhaps, not
surprising. Mn2+ has been shown to be transported by a number of calcium channels, including
CRAC channels,34,35 IP3R,36 and voltage-gated calcium channels.37-39 The ionic radius of the
hexa-coordinated Mn2+ is 0.67 Å in the low spin and 0.83 Å in the high spin configuration, which
is slightly smaller than that of Ca2+ (1.00 Å).40 Thus it is not surprising that it can fit through the
pore of a channel evolved to transport Ca2+.4 MICU1 provides an additional checkpoint to
discriminate between Ca2+ and other ions, enabling the pore to evolve high conductance while
maintaining the ability to differentiate between cations.
The ability of MICU1 to differentiate between Ca2+ and Mn2+ is attributable to the specific
structural requirement of the metal-ligand interactions in the EF hand domain. While Mn2+ can
bind and stabilize the protein, it does not elicit the conformational change that Ca2+ is able to
induce (Figure 5-5A-C), and thus, its binding does not disinhibit the pore. This finding is
consistent with another EF hand-containing protein, calmodulin.41,42 Mn2+ binds to the
calmodulin EF hand domains but cannot initiate the conformational change necessary for the
Ca2+-dependent function. The Ca2+-induced conformational transition in an EF-hand is critically
dependent on the bidentate coordination with the glutamate side chain in the 12th position of the
Ca2+-binding loop. Due to the smaller ionic radius of Mn2+, it cannot participate in such
interaction, precluding the conformational change.41,42
While we focus on MICU1 herein, MICU1 and MICU2 form a regulatory complex, and
both proteins have EF hand domains and together likely contribute to the Ca2+ specificity of the
disinhibition of the uniporter. However, it is not surprising, and in fact, expected, that loss of
MICU2 does not lead to increased Mn2+ transport through the uniporter, while loss of MICU1
does (Figure S4-4). In the absence of MICU2, MICU1 is still present to block Mn2+ transport,
while MICU2 requires MICU1 for function.24 Thus, MICU1 KO but not MICU2 KO removes
MICU1/MICU2-mediated uniporter regulation. Hence, when present, MICU2 is likely
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participating in conferring Ca2+ selectivity to the uniporter along with MICU1, but cannot achieve
this on its own.
Our observation that MICU1 plays an important role in ion specificity of the uniporter
allowing it to distinguish between pulses of Ca2+ vs. Mn2+ in vitro may have important
implications in the context of human disease. A growing number of human patients with MICU1
encephalomyopathy are being reported.43-45 Perhaps the most common denominator in all of
these patients is a highly unusual skeletal muscle myopathy associated with chronically
elevated creatine kinase levels without elevation of lactic acid. At present, the precise molecular
pathogenesis is not known. Our work raises the possibility that these patients may experience
an increase in mitochondrial [Mn2+], which could be contributing to the pathophysiology. While
the mechanisms of toxicity from Mn2+ exposure in general are unknown, mitochondrial
dysfunction has been implicated and the symptoms bear some resemblance to human MICU1
deficiency.46,47 Future studies will be required to determine whether the ability of the uniporter to
transport Mn2+ contributes to MICU1 encephalomyopathy and, more generally, determining the
role of the uniporter in Mn2+-related pathologies.

5.5. Materials and Methods
5.5.1. Cell culture
HEK-293T or K562 cells lacking MICU1 or MCU were made by TALEN genome-editing
as described previously.14 Cell lines were obtained from the American Type Culture Collection
(ATCC), regularly tested for mycoplasma contamination and were authenticated by short
tandem repeat (STR) profiling. Expression of MICU1-FLAG and MCU-FLAG constructs was
accomplished by lentiviral stable transfection followed by selection with puromycin for two
days.14,24 Both HEK-293T and K562 cells were grown in DMEM high-glucose medium (Thermo
Fisher, Waltham, MA) with 10% FBS (Sigma, St. Louis, MO), 1x penicillin, streptomycin, and
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glutamine (Thermo Fisher, Waltham, MA). The high glucose media were replaced with media
containing 10 mM galactose instead of glucose where indicated.

5.5.2. Cell viability assays
HEK-293T cells were seeded in 96-well plates at 4,000 cells/well in DMEM high glucose
media or 10 mM galactose media with no glucose as indicated. Three hours after seeding,
designated concentrations of metal ions were added to the 96-well plate from aqueous solutions
of respective chloride salts, and the cells were grown for 72 hours at 37 °C. Metals were
obtained from Sigma (St. Louis, MO) as follows: cadmium chloride (202908), mercury (II)
chloride (215465), copper chloride (222011), iron (II) chloride (451649), zinc chloride (229997),
cobalt (II) chloride (232696), strontium chloride (439665), nickel (II) chloride (339350), and
manganese (II) chloride (203734). Cell viability in the metal toxicity screen was assayed by the
CellTiter-Glo Luminescent Viability assay (Promega, Madison, WI). Subsequent cell viability for
manganese toxicity was assayed by nuclei counting, a protocol that involves washing the cells
with phosphate buffered saline (PBS), fixing the cells using 4% paraformaldehyde for 30
minutes at room temperature and staining the cells with Hoechst 33342 dye (Thermo Fisher,
Waltham, MA) according to manufacturer’s specifications. The 96-well plates were imaged
using ImageXpress Micro (Molecular Devices) and counted using the “count nuclei” module of
MetaXpress (Molecular Devices).48 50% lethal dose (LD50) calculations were made using a
sigmoidal dose-response curve fit with variable slope (constraining the slope ≤5) in GraphPad
Prism. P-values were determined from the computed z-score. Six technical replicates were
performed for each cell line with each metal concentration. Replicate number was not computed
prior to experimentation.
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5.5.3. C. elegans toxicity assays
C. elegans were maintained on E. coli OP50 as previously described.49 N2 wild-type
animals and CZ19982 mcu-1 (ju1154) mutants were obtained from the Caenorhabditis Genetics
Center (which is supported by the NIH, Office of Research Infrastructure Programs P40
OD010440). Manganese toxicity assays were performed as previously.50 Briefly, synchronized
young adults were washed off E. coli plates using K-medium (2.36 g KCl + 3.0 g NaCl per liter
water) and dropped into wells containing 200 µl Mn2+ solution (also in K-medium). Animals were
incubated for 24 hours at 20 ˚C and scored for survival. One experiment with four technical
replicates is shown, which is a representative experiment of three independent biological
replicates.

5.5.4. Ca2+ and Mn2+ uptake assays
Cells were permeabilized in buffer containing 125 mM KCl, 2 mM K2HPO4, 1 mM MgCl2,
20 mM HEPES at pH 7.2, 0.005% digitonin, 5 mM glutamate and malate, and 0.25 − 1 µM cell
impermeable CaG5N dye (Life Technologies, Grand Island, NY). Either CaCl2 or MnCl2 was
injected at the time indicated on the trace by the arrow. Fluorescence was monitored using
either a PerkinElmer LS55 fluorimeter (excitation 506 nm, emission 532 nm) or a PerkinElmer
Envision plate reader (excitation 485 nm, emission 535 nm). Fluorescence from experiments
performed on the PerkinElmer LS55 fluorimeter is corrected for the minimum and maximum
fluorescence for each trace, determined by adding 200 µM EGTA and 2 mM CaCl2,
respectively.

5.5.5. Mouse mitochondria
Mitochondria were isolated from mouse liver as previously described23 and resuspended
in a buffer containing 220 mM mannitol, 75 mM sucrose, 10 mM HEPES and 1 mM EDTA,
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adjusted to pH 7.4 with KOH, and supplemented with fresh 0.2% BSA prior to use. Mitochondria
were stored on ice until further use. Immediately prior to the assay, mitochondria were diluted
10x in the KCl-based assay buffer (buffer as in Ca2+ and Mn2+ uptake assays section), spun at
8,000 xg for five minutes, and resuspended in the assay buffer (to remove EDTA). Subsequent
assays were performed in the same way as with permeabilized cells, except with buffer lacking
digitonin.

5.5.6. CaG5N dye ion titrations
Ca2+ and Mn2+ titrations were performed by serial dilution in the cell permeabilization
buffer. Dye titrations are presented as the average of three replicate titrations. Fluorescence for
the titrations was monitored using a PerkinElmer Envision plate reader. Dye titrations were fit to
a Hill equation.

5.5.7. Membrane potential measurements
Tetramethyl rhodamine methyl ester (TMRM; Life Technologies, Grand Island, NY) was
used to assess the membrane potential of permeabilized cells. Cells were permeabilized in
buffer containing 125 mM KCl, 2mM K2HPO4, 1 mM MgCl2, 20 mM HEPES at pH 7.2, 0.005%
digitonin, and 500 nM TMRM. For kinetic assays, state 2 respiration was initiated by the addition
of 5 mM glutamate and malate with subsequent injection of 100 µM CaCl2 or MnCl2 (Sigma),
respectively. Uncoupled respiration was initiated with the addition of 1 µM CCCP. TMRM was
monitored at 540 nm excitation and 580-600 nm emission using a custom-made fluorimeter51 or
using a Perkin Elmer LS-55 fluorimeter. Traces are presented as the inverse of the signal,
where an increase in the membrane potential corresponds to an increase in signal.
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5.5.8. Electrophysiology
Whole-mitoplast electrophysiology was performed as described previously.52
Mitochondria isolated from WT and MICU1 KO HEK-293T cells were resuspended in a solution
containing 250 mM sucrose, 5 mM HEPES, 1 mM EGTA, 0.1% BSA. These were pelleted at
8,500 xg and resuspended in a hypertonic mannitol solution (440 mM mannitol, 140 mM
sucrose, 5 mM HEPES, 1 mM EGTA). Mitoplasts were created by passing this suspension
through a French Press homogenizer (SLM-Aminco) at 2,000 p.s.i. After centrifugation of the
eluate at 10,500g, pelleted mitoplasts were resuspended and stored in a solution containing 750
mM KCl, 100 mM HEPES, and 1 mM EGTA. Electrophysiology data were collected using
Axopatch 200B amplifier and pClamp software (both from Molecular Devices, Sunnyvale, CA).
The pipette solution consisted of 150 mM sodium gluconate, 10 mM HEPES, 2 mM EDTA, with
sucrose to achieve an osmolarity of 380-410 mOsms. After establishing whole-mitoplast
configuration, we applied voltage ramps from -140mV to +70mV. Uniporter currents were
collected in 5 mM CaCl2 or MnCl2, 150 mM ammonium acetate, 5 mM HEPES. For display
purposes, capacitance transients caused by changing levels of solutions in the bath have been
removed.

5.5.9. Protein purification
MICU1 (NM_001195518.1, residues 93-444) and MICU1F223W (NM_001195518.1,
residues 93-444) with an amino-terminal His6 tag were purified from E. coli as described.25
Briefly, proteins were expressed in BL21* (DE3) bacteria (Millipore) and subjected to Ni-NTA
purification. The proteins were further purified by size exclusion chromatography (SEC) using a
Superdex 200 column and buffer A (25 mM Hepes pH 7, 150 mM NaCl) along with 0.5 mM
EGTA. The peak was then collected, concentrated and run through the Superdex 200 column
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again in buffer A (without EGTA). The protein in the peak from this second round of SEC was
used for the experiments herein.

5.5.10. Differential Scanning Fluorimetry (DSF)
Protein was used at 0.2 mg/mL in buffer A along with 5X Sypro Orange dye (Life
Technologies, Grand Island, NY). Experiments were performed using an Applied Biosystems
7500 Fast Real Time PCR machine using a temperature ramp rate of 2% from 25 °C to 95 °C,
along with a melting protocol for DSF using SYPRO Orange as described by the manufacturer.
Experiments were performed under apo conditions (without added Ca2+ or Mn2+), +Ca2+ (with 10
mM CaCl2), or +Mn2+ (with 10 mM MnCl2). Data are presented as the average ± standard
deviation of the melting temperature calculated from 5 replicates.

5.5.11. MICU1 Trp fluorescence experiments
MICU1 Trp fluorescence experiments were performed using the protocol described
previously.25 MICU1F223W was used at 2 µM for Trp fluorescence experiments using buffer
containing 150 mM NaCl (Sigma) and 50 mM Hepes pH 7 (Sigma). Fluorescence was
monitored (λex = 290 nm, λem = 350 nm). Either 1 mM CaCl2 (Sigma) or MnCl2 (Sigma) were
added after an initial baseline fluorescence was determined and the fluorescence was recorded.
Data are presented as the average ± standard deviation, normalizing the initial fluorescence to
100%.

5.5.12. Immunoblots of cell lysates

Cells were washed with PBS, scraped, and pelleted. Cell pellet was resuspended in lysis
buffer containing 50 mM Hepes pH 7.4, 150 mM NaCl, Roche cOmplete protease inhibitor (1
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tablet/30 mL, Sigma, St. Louis, MO) and 0.2% n-Dodecyl β-D-maltoside (DDM, Sigma). Lysates
were incubated at 4 °C for 30 minutes, and then centrifuged at 20,000 x g for 10 minutes at 4

°C. Supernatants were diluted to normalize protein concentration and reducing sample buffer
(Boston BioProducts, Ashland, Massachusetts) was added. Samples were subjected to SDSPAGE using Tris-Glycine gels (Life Technologies, Grand Island, NY) followed by immunoblotting
using antibodies from the following sources: Abcam (Cambridge, MA; MICU2 ab101465), Sigma
(MICU1 HPA037480, MCU HPA016480), Cell Signaling Technologies (Danvers, MA; β-Actin
#4967) and BD Biosciences (San Jose, CA; TIMM23 611222). Molecular weights are indicated
based on protein ladder from Thermo Scientific (Waltham, MA; #26623).
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Chapter 6. Cardiovascular homeostasis dependence on MICU2, a regulatory subunit of
the mitochondrial calcium uniporter1

This chapter was reproduced in part from: Bick, A.G.; Wakimoto, H.; Kamer, K.J.; Sancak,
Y.; Goldberger, O.; Axelsson, A.; DeLaughter, D.M.; Gorham, J.M.; Mootha, V.K.; Seidman, J.G.;
Seidman, C.E. “Cardiovascular homeostasis dependence on MICU2, a regulatory subunit of
the mitochondrial calcium uniporter,” Proc. Nat. Acad. Sci., U.S.A. (2017)
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6.1. Summary
Comparative analyses of transcriptional profiles from humans and mice with
cardiovascular pathologies revealed consistently elevated expression of MICU2, a regulatory
subunit of the mitochondrial calcium uniporter complex. To determine if MICU2 expression was
cardioprotective, we produced and characterized Micu2-/- mice. Mutant mice had left atrial
enlargement and Micu2-/- cardiomyocytes had delayed sarcomere relaxation and cytosolic
calcium reuptake kinetics, indicating diastolic dysfunction. RNA sequencing (RNA-seq) of
Micu2-/- ventricular tissues revealed markedly reduced transcripts encoding the apelin receptor
(Micu2-/- vs. wild-type: p=7.8e-40), which suppresses the angiotensin II receptor signaling via
allosteric transinhibition. We found that Micu2-/- and wild-type mice had comparable basal blood
pressures and elevated responses to angiotensin II infusion, but Micu2-/- mice exhibited systolic
dysfunction and 30% lethality from abdominal aortic rupture. Aneurysms and rupture did not
occur with norepinephrine-induced hypertension. Aortic tissue from Micu2-/- mice had increased
expression of extracellular matrix remodeling genes while single-cell RNA-seq analyses showed
increased expression of genes related to reactive oxygen species, inflammation, and
proliferation in fibroblast and smooth muscle cells. We conclude that Micu2-/- mice recapitulate
features of diastolic heart disease and define previously unappreciated roles for Micu2 in
regulating angiotensin II-mediated hypertensive responses that are critical in protecting the
abdominal aorta from injury.

6.2. Introduction
The heart adapts to a variety of different stresses throughout life by adopting strategies to
maintain excitation−contraction coupling and balance energy utilization and production. Genetic
cardiomyopathies that cause ventricular hypertrophy (HCM) or dilatation (DCM) evoke chronic
stress responses that have been identified in biochemical studies and transcriptional analyses

of diseased cardiac tissues derived from human patients and model systems. Over a thousand
genes with differential expression have been implicated in these responses, including molecules
involved in cellular calcium flux.1-3
Altered cardiac energetics is also a fundamental mechanistic component of HCM and
DCM that is caused by mutations in sarcomere protein genes4-8 and pharmacologic strategies
are under study to correct energy deficits in patients with these disorders.9-11 Mutations in
sarcomere proteins impact excitation/contraction coupling12-15 and can alter cellular calcium flux,
which in turn perturbs the balance of energy utilization and production in cardiomyocytes.16,17
Changes in energy homeostasis can also reactivate fetal gene programs and promote
profibrotic pathways and maladaptive remodeling that result in overt cardiomyopathy.18,19
Mutations that directly impact mitochondrial function also cause cardiomyopathies.20
These include mtDNA disorders such as MELAS (mitochondrial encephalomyopathy, lactic
acidosis, and stroke-like episodes) and MERRF (myoclonic epilepsy with ragged-red fibers).21
Likewise, cardiomyopathy occurs from mutations in nuclear-encoded mitochondrial genes that
function in oxidative phosphorylation, including TMEM70 (mitochondrial complex V ATP
synthase deficiency22), AGK (Sengers or mitochondrial depletion syndrome23) and AARS2
(infantile hypertrophic mitochondrial cardiomyopathy24). In addition to heart disease, the
abnormal mitochondrial responses in these disorders cause diabetes, neurological disease,
vision loss, deafness20, and, less commonly, aortic dilation25 and rupture.26
We hypothesized that key mediators of altered calcium homeostasis and energetics,
processes in which mitochondria play central roles, might be consistently dysregulated across
many cardiomyopathies. To identify these, we performed bioinformatic comparisons of cardiac
transcriptional datasets from human and mouse ventricular tissues with HCM or DCM. Among
these, we identified one consistently dysregulated gene, MICU2, a calcium sensing regulatory
subunit of the mitochondrial calcium uniporter complex. Here we test the hypothesis that
MICU2 is a critical responder to cardiovascular stress. From studies of Micu2-/- mice, we report
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unexpected phenotypes that link mitochondrial calcium sensing and cardiovascular stress
responses.

6.3. Results
We performed a bioinformatic screen to identify stress-responsive molecules in
cardiomyopathy by intersecting differentially expressed genes from nine left ventricle (LV)
transcriptome datasets: seven from human heart tissue from patients with HCM (Table S5-1)
and two from mouse models of DCM (Pln p.R9C) and HCM (Myh6 p.R403Q).27 Approximately
300 genes were differentially expressed in both mouse cardiomyopathy datasets. Intersecting
this list with the seven human transcriptomes identified only six genes that were consistently
expressed in the same direction among all nine transcriptome profiles that could plausibly
function in the stress response. Three of these genes participate in pathways involving cell
growth and metabolism, including IGFBP6 (insulin growth factor binding protein 6), PRKAB2
(the beta-2 noncatalytic subunit of AMP-activated protein kinase), and RHEB (a small GTP-ase
superfamily member that functions in insulin/TOR/S6K signaling). Another gene, DAPK3
(expression of the death-associated protein kinase 3), participates in apoptosis pathways. Two
mitochondrial proteins were also identified: UCP2 (mitochondrial uncoupling protein) that
encodes an inner membrane transporter and MICU2 (mitochondrial calcium uptake 2), a
regulatory subunit of the mitochondrial calcium uniporter complex that localizes to the
mitochondrial intermembrane space, where it senses calcium levels to gate the activity of the
mitochondrial calcium uniporter pore.28-31
Recent studies link the mitochondrial calcium uniporter complex pore to both skeletal
muscle and cardiac phenotypes. MCU is the uniporter’s pore forming subunit that, in
combination with essential MCU regulator (EMRE), forms a functional channel in vivo.32,33 Under
basal conditions, MCU–EMRE is kept in the closed position by the calcium-sensing MICU1–
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MICU2 heterodimer that resides in the mitochondrial intermembrane space. In response to a
threshold spike in calcium, the MICU1–MICU2 complex disinhibits the pore to allow calcium
entry into mitochondria.28 Mice lacking Mcu exhibit impaired skeletal muscle metabolism and
peak performance.34,35 Similarly, in the heart, MCU participates in matching cardiac metabolism
to contractile stress36,37 and also impacts heart rate.38 Although a global Mcu knockout mouse
and cardiac-specific Mcu-deficiency did not cause overt heart deficits at baseline or with
isoproterenol infusion or transverse aortic constriction, rapid physiologic fight-or-flight responses
were impaired.34-38 Moreover, mice expressing a dominant-negative Mcu had altered cardiac
oxygen utilization, cytoplasmic Ca2+ homeostasis, and pathologic responses to ischemiareperfusion injury.39
These data prompted us to prioritize MICU2 for further study. We hypothesized that if
increased MICU2 expression was cardioprotective, deletion of MICU2 would promote
cardiovascular dysfunction. To test this model, we generated a Micu2-/- mouse using a gene
trap vector (Figure 6-1A, Figure S5-1A). Micu2+/- and Micu2-/- mice bred and produced
offspring in Mendelian ratios, had comparable sizes and activity levels to wild-type littermates,
and routinely lived >18 months. Micu2+/- mice had approximately 50% normal levels of Micu2
transcripts in hepatic, renal, and cardiac tissue. Transcript levels were further reduced in Micu2/- mice (Figure S5-1B). We did not detect Micu2 protein in LV, aorta and liver tissues from
Micu2-/- mice by immunoblotting. (Figure 6-1B,C, Figure S5-2). Consistent with prior results of
RNAi targeting Micu2 in mouse liver,31 both Micu1 and Mcu protein levels were significantly
reduced in liver tissue from Micu2-/- mice (Figure S5-2C). We also confirmed prior studies that
demonstrate Micu2-/- mitochondria take up a high-concentration pulse of calcium more slowly
than wild-type mitochondria (likely to due the reduction in Mcu levels),31 but more rapidly take up
lower-concentration pulses of calcium (Figure S5-3). These data that are consistent with Micu2
setting the calcium threshold for the uniporter.29 Given these findings, we concluded that Micu2/- mice had reduced levels of Micu2 protein and activity.
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MICU2 complex disinhibits the pore to allow calcium entry into
mitochondria. Mice lacking Mcu exhibit impaired skeletal muscle metabolism and peak performance (34, 35). Similarly, in the
heart, MCU participates in matching cardiac metabolism to
contractile stress (36, 37) and also impacts heart rate (38). Although a global Mcu knockout mouse and cardiac-specific Mcu
deficiency did not cause overt heart deficits at baseline or with
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Cardiac structure and function of Micu2-/- mice was studied by histology, electron
microscopy and longitudinal echocardiography. Myocardial cellularity, cardiomyocyte size, and
myocardial fibrosis in Micu2-/- and wild-type littermate mice were indistinguishable and
sarcomere structure was normal (Figure 6-1D). By contrast, electron microscopy revealed that
in Micu2-/- mice (Figure 6-1E), mitochondria were 20% smaller (p=0.003) and ~5% more
eccentric (p=0.002) than mitochondria from wild-type mice. Crista structure appeared normal.
Longitudinal echocardiography revealed that Micu2-/- mice had normal LV dimensions
and fractional shortening (Table 6-1), but developed isolated left atrial (LA) enlargement at 16 to
18 months of age (20% increased diameter, p=0.01). LA enlargement can reflect the cumulative
effect of increased diastolic LV pressure due to diastolic dysfunction.40,41
To better understand this diastolic dysfunction in mutant mice, we profiled sarcomere
contractility and cytosolic calcium transients in single cardiomyocytes from three pairs of wildtype mice and Micu2-/- littermates (ages 6 to 8 weeks). Although the extent and rate of
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Table 6-1: Echocardiographic assessment of cardiac structure and function in aged
Micu2 -/- mice

Statistics are mean (standard deviation). P values were calculated from a two-sided t-test with
five or six animals, age 15 to 18 months, in each group.

contraction were comparable in Micu2-/- and wild-type cardiomyocytes, relaxation rates were
slower (p=0.02) in Micu2-/- cardiomyocytes (Table S5-2). The magnitude of calcium flux in
Micu2-/- and wild-type cardiomyocytes was similar, however the time constant for calcium
reuptake was increased (p=0.03) in Micu2-/- cardiomyocytes (Figure 6-2, Table S5-3). From
these profiles, we deduced that slower reuptake of cytosolic calcium by Micu2-/- cardiomyocytes
could retard relaxation and contribute to diastolic dysfunction.

Figure 6-2: Functional analysis of isolated Micu2-/- cardiomyocytes
Representative tracings of (A) single myocyte sarcomere length (plotted as % of resting length)
and (B) calcium flux (plotted as normalized Fura-2 intensity) in Micu2-/- mice and wild-type
littermates. Micu2-/- cardiomyocytes had slower repolarization kinetics, as evidenced by both
decreased sarcomere relaxation velocity (A, inset) and increased time constant (Tau, the
exponential decay of the ventricular pressure during isovolumic relaxation) for calcium reuptake
(B, inset) compared to wild-type cardiomyocytes (Micu2-/-, n = 22 cells; wild-type, n = 31 cells; ttest). Error bars denote standard deviation.
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Next we analyzed the LV transcriptome in 18-week-old Micu2-/- and wild-type mice by
RNA-seq. Among the differentially expressed genes, the sarcoplasmic reticulum Ca2+-ATPase
(SERCA2a) encoded by Atp2a (p < 2 x 10-260) was significantly increased, likely as a
compensatory response for increased cytosolic calcium in Micu2-/- cardiomyocytes. Database
for Annotation, Visualization, and Integrated Discovery (DAVID) gene set enrichment analyses
of 700 differentially expressed genes identified several gene ontologies with significant
dysregulation (Figure 6-3), including sarcomere genes (5.9-fold, p = 6 x 10-8), bZIP transcription
factors (8.1-fold, p = 1.1 x 10-8), stress response genes (7.1-fold, p = 0.01), and ribosomal
proteins (8.4-fold, p = 0.002).

Figure 6-3: Transcriptional analysis Micu2-/- left ventricle
(A) Transcriptome-wide analysis of Micu2-/- and wild-type LV tissue (n = 3 mice) revealed
enrichment in three gene sets: sarcomere components, stress response genes, and bZip
transcription factors (TF). Bonferroni-corrected p-values are plotted. (B) Micu2, Myh7, and Aplnr
were three of the most differentially expressed genes in the left ventricle RNA-seq datasets.
Fold-change differences in these genes were independently confirmed with quantitative PCR
(qPCR, n = 5, t-test). Mean and standard deviation of Micu2-/- qPCR expression normalized to
mean wild-type qPCR expression are plotted.
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We partitioned differentially expressed genes into those primarily expressed in
cardiomyocytes (n = 64) and nonmyocytes (n = 89) based on greater than five-fold difference in
normalized transcript levels.42 Differentially expressed genes found in both compartments were
excluded. Notably, cell-specific pathway analysis identified enrichment in sarcomere genes (p =
2.5 x 10-6) and oxidative phosphorylation (p = 3.9 x 10-4) in cardiomyocytes and bZIP
transcription factors in nonmyocytes (p = 2.9 x 10-6). Among 1,100 genes that encode
mitochondrial proteins,43,44 only 46 genes were differentially expressed (odds ratio 1.1, p = not
significant, NS). Two of the most significant changes in transcripts from Micu2-/- LV were a 1.6fold decrease in the contractile protein gene Myh7 (p < 1e-50) and a 2.9-fold decrease in the
apelin receptor (Aplnr; p = 1e-40), findings that were independently confirmed by qPCR (Figure
6-3B). Notably, two dysregulated bZIP proteins, ATF3 (activating transcription factor 3) and
C/EBP-B (CCAAT/enhcancer-binding protein-beta) regulate apelin expression in response to
stress.45
Given these transcriptional data, we hypothesized that Micu2-/- mice would be
particularly sensitive to angiotensin II, since the apelin receptor (Aplnr) suppresses angiotensin
II type 1 receptor signaling via allosteric transinhibition.46,47 As angiotensin II stimulates cardiac
hypertrophy,48 we also expected that this provocation could increase diastolic dysfunction in
Micu2-/- mice. Homozygous Micu2-/- mice, heterozygous Micu2+/- mice, and wild-type
littermates were infused with 1.2 mg/kg/day of angiotensin II to increase systolic blood pressure
over baseline by 25 mmHg (p < 0.001, Figure S5-4). After 2 weeks of treatment, all mice had
equivalent increases in cardiac wall thickness, suggesting a comparable degree of hypertrophic
remodeling (Table 6-2). However Micu2+/- and Micu2-/- but not wild-type mice had significantly
decreased fractional shortening in comparison with baseline (p = 0.04 and p = 0.002,
respectively).
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Table 6-2: Cardiac structure and function in Micu2-/- mice after two weeks of angiotensin
II treatment

Statistics are mean (standard deviation). P values were calculated from a two-sided t-test with
four to eight male mice, age 6 to 8 weeks, in each group following two weeks of angiotensin II
infusion (1.2 mg·kg−1·d−1).

Unexpectedly, three of fourteen Micu2-/- but no wild-type mice died during angiotensin II
infusion (p = 0.03, Figure 6-4A). As autopsies revealed that all three had ruptured abdominal
aortic aneurysms, we extended these studies to assess whether loss of Micu2 impacted blood
pressure and stress-induced vascular responses. Infusion of low (1.2 mg/kg/day) or high (2.4
mg/kg/day) doses of angiotensin II showed dose-dependent but equivalent increases in blood
pressure in both Micu2-/- and wild-type mice (Figure S5-4).
Abdominal ultrasonography of untreated Micu2-/- mice (n > 10) showed slightly larger
(5%) aortic artery diameters than wild-type mice (p = 0.003). Neither low nor high doses of
angiotensin II infusion altered the abdominal aortic diameters in wild-type mice, but Micu2-/mice had dose-dependent increases in aortic diameters (p = 0.0006; Figure 6-4B). Excluding
mice with aortic rupture, a conservative estimate of the angiotensin II-induced aortic dilatation
was at least 4.5-fold increased in Micu2-/- compared with wild-type mice (Figure S5-4).
Serial analyses of high-dose angiotensin II infusions revealed 10% increased abdominal
aortic dimensions at day two in both Micu2-/- and wild-type mice. At day four and thereafter,
aortic dimensions of wild-type mice remained unchanged while Micu2-/- mouse aortas
continued to enlarge (p = 0.005; Figure 6-4C and Table S5-4).
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To consider if this vascular pathology was blood pressure-mediated or angiotensin IIspecific, we treated mice with norepinephrine (5.6 mg/kg/day). Using norepinephrine to
increase blood pressures to equivalent levels induced by low-dose angiotensin II (Figure S5-4)
did not induce aortic aneurysms in Micu2-/- or wild-type mice (Figure 6-4B).
We studied vascular transcriptional response to Micu2 deficiency by RNA-seq analyses
of three aortas from 8- to 12-week-old naïve or angiotensin II-treated (1.2 mg/kg) Micu2-/- and
wild-type littermates. Compared with wild-type, untreated vascular tissues from Micu2-/- had
significantly decreased (n = 478) and increased (n = 819) gene expression. DAVID analyses
identified 18 pathways from up-regulated genes and 23 pathways from down-regulated genes
(Figure 6-5A). Among Bonferroni-corrected, significantly enriched gene sets with increased
expression, we identified oxidation-reduction reaction genes (3.7-fold, p = 6.2 x 10-28),
mitochondrial genes (2.8-fold, p = 2.4 x 10-35), and genes related to the peroxisome (7.0-fold, p
= 6.0 x 10-13). Enrichments in down-regulated gene sets included myofibril (9.2-fold, p = 1.6 x
10-16), extracellular matrix (5.3-fold, p = 6.59 x 10-10), cell adhesion (3.4-fold, p = 3.1 x 10-12),
blood vessel development (3.3-fold, p = 0.01), growth factor binding (6.2-fold, p = 0.002) and
Wnt signaling (4.8-fold, p = 0.002). While we observed some overlap among the myofibril gene
set and LV sarcomere genes, the majority of dysregulated genes in the heart and aorta were
different, demonstrating tissue specificity in stress responses in Micu2-/- mice.
Analyses of the genes that were differentially expressed in the aorta only with
angiotensin II treatment (180 genes increased; 603 genes decreased) showed enrichment in
seven up-regulated pathways and nine down-regulated pathways. Inflammatory-response
genes (7-fold, p = 8.7 x 10-5) and extracellular matrix genes (7.2-fold, 3.2 x 10-9) were
significantly increased, while cell-junction genes (2.8-fold, p = 4.4 x 10-4) were significantly
reduced.
Aneurysms arise from abnormalities of the intima, media, or adventitial layers of vascular
beds that include fibroblast, smooth muscle, and endothelial cells. As histopathology of aortic
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escaped microfluidic capture chips). The relative distribution of captured cell types was the
same in Micu2-/- and wild-type aortas (p = not significant, NS).
Among aortic cells from wild-type mice, the distribution of Micu2 expression did not differ
by cell type (p = NS). Micu2 was robustly expressed in 50% of the endothelial, 23% of smooth
muscle, and 18% of fibroblast cells, indicating that Micu2 deficiency could affect each cell
lineage.
Two patterns of altered gene expression were observed: differences in the absolute
expression levels (quantitated by a Wilcox test on median differences; Figure S5-6B) and
differences in the number of cells expressing an appreciable level of genes (quantitated with a
Fisher test; Figure S5-6C). Too few endothelial cells were captured to identify genes exceeding
the significance threshold (Bonferroni adjustment for significance was set at p < 10-5 to reflect
5,000 expressed genes), but differential expression was identified in six smooth muscle cell
genes and five fibroblast genes.
Among the six genes differentially expressed in Micu2-/- smooth muscle cells, we
observed increased expression of genes associated with inflammation and reactive oxygen
species (ROS) (Figure S5-6B,C). Significantly more Micu2-/- (96%) than wild-type (29%)
smooth muscle cells expressed extracellular glutathione peroxidase (Gpx3), inflammatory
cytokines Tnfaip6 and Ccl11, and the transcription factor Irf1, which is associated with
inflammation.50 Although the majority of Micu2-/- and wild-type smooth muscle cells expressed
metallothionein (Mt1) that contributes to cardiovascular protection in high-ROS states,51 the
median expression was nine-fold higher in Micu2-/- smooth muscle cells (p = 7.5 x 10-8).
The five differentially expressed genes in Micu2-/- fibroblasts are involved in
proliferation, inflammation, and ROS (Figure S5-6B,C). More Micu2-/- fibroblasts (80%) than
wild-type fibroblasts (10%) expressed the pro-proliferative transcription factor Myc (p =
1.5 x 10-6).52 Most Micu2-/- (88%) but few wild-type (10%) fibroblasts expressed Efemp1, which
induces EGFR autophosphorylation and activates cell adhesion and migration (9.6 x 10-8).53-55
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Micu2-/- fibroblasts also showed significant differential gene expression of inflammatory and
ROS genes, including decreased expression of Fmo3 and Sod3, which reduce ROS free
radicals,56,57 and increased expression of inflammatory mediator Il6.58

6.4. Discussion
Our data establish a critical role for Micu2, and presumably the mitochondrial calcium
uniporter channel complex, in maintaining cardiovascular homeostasis in health and disease.
Loss of Micu2 produced cardiac diastolic dysfunction with LA enlargement, abnormalities that
are likely secondary to delayed calcium reuptake and decreased relaxation rates by
cardiomyocytes. Micu2 depletion did not significantly alter gene expression of Mcu or Micu1,
but protein levels of both were reduced. Hence, the cellular consequences of Micu2 loss are
attributable to the combination of two effects: (i) a decrease in the threshold for mitochondrial
calcium uptake due to loss of the gatekeeping activity of Micu2; and (ii) overall loss of
mitochondrial calcium uptake by the uniporter due to destabilization of Mcu and the entire
complex. Moreover, changes in protein levels of Mcu and Micu1 after genetic ablation of Micu2
indicate that homeostatic interactions among components of the mitochondrial calcium uniporter
complex may be important for stability. The resultant altered calcium dynamics was associated
with pathologic transcriptional signatures in cardiomyocytes and nonmyocytes. Gene
expression in Micu2-/- hearts was characterized by sarcomere dysregulation, stress response
pathways, and altered expression of sarcomere genes and the bZIP family of transcription
factors, molecules that contribute to cardiomyopathy pathogenesis and that regulate apelin
signaling.2,3,59,60
In the setting of cardiovascular disease, Micu2 expression was particularly important.
Hypertensive Micu2-/- mice had both diastolic and systolic dysfunction, as evidenced by
decreased fractional shortening and altered systolic strain measurements. Despite these
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functional abnormalities, LV dimensions in Micu2-/- mice remained normal. As such,
hypertensive Micu2-/- mice may provide a first step toward the development of an animal model
for heart failure with preserved ejection fraction, a prevalent and poorly understood human
disease.61
The molecular mechanisms for diastolic dysfunction are incompletely understood. At the
cellular level, cardiomyocyte relaxation requires tightly bound actin-myosin filaments to detach,
a process mediated in part by calcium removal. Reduced or delayed calcium reuptake into the
sarcoplasmic reticulum (SR) or mitochondria or removal from cardiomyocytes can delay
relaxation.62 In addition, abnormal mitochondrial calcium homeostasis can influence NADPH
levels and the redox state of cardiomyocytes to perturb relaxation. Consistent with these
observations, malfunction of multiple calcium-handling proteins propel heart failure, including
SERCA2a and its modulator phospholamban (PLB), the SR–Ca2+ release channel and its
modulator FK-506 binding protein 12.6 (FKBP12.6), and the sodium–calcium exchanger.63-66 We
suggest that Micu2 contributes to restoration of diastolic calcium levels by sensing cytosolic
levels and dynamically gating calcium uptake of the mitochondrial calcium uniporter, similar to
activities of PLB or FKBP12.6 proteins. Consistent with this model, we note that hepatocyte
mitochondria from Micu2-/- mice, which lack multiple calcium-buffering mechanisms, uptake
high concentrations of calcium significantly more slowly than wild-type mitochondria (Figure S53), likely due to destabilization of the entire channel complex.31 While cardiomyocytes have
multiple pathways to remove high concentrations of calcium that occur with each contraction,
fine-tuning by mitochondrial calcium uptake may also be important in cardiac calcium dynamics
and could account for the decreased cytosolic calcium reuptake that we observed in Micu2-/cardiomyocytes.
Several recent studies have probed how changes in components of the mitochondrial
calcium uniporter complex regulate and integrate mitochondrial and cellular calcium
homeostasis.30,67 Micu2-/- mice on an isogenic C57/B6 background are viable and have minimal
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basal abnormalities, whereas Micu1-/- mice on an isogenic C57/B6 background exhibit perinatal
mortality due to mitochondrial calcium overload.68,69 A challenge in interpreting the
consequences of genetic loss of one of these subunits is that they can cross-stabilize each
other in a tissue-specific manner. The consensus in the field is that Micu1 functions as an
essential gatekeeper that regulates calcium influx into the mitochondria.30 The inhibitory activity
of Micu2 is dependent on its physical association with Micu1.29 At low calcium concentrations,
heterodimers between Micu1 and Micu2 negatively regulate calcium import by Mcu, while at
high calcium concentrations, the Micu1−Micu2 inhibition is relieved and calcium uptake
occurs.28 Oxidative stress may impose further modification of a cysteine residue in Mcu that is
proposed to result in conformational changes of the pore-forming unit and persistent
mitochondrial uptake of calcium.70 Responses to changes in the mitochondrial calcium uniporter
complex further impact calcium homeostasis. For example, marked depletion (80%) of Mcu
expression in cardiomyocytes reduces the activity and expression of the mitochondrial
sodium−calcium exchanger, so as to maintain normal cytosolic calcium.36 By contrast, cytosolic
calcium is increased in cardiomyocytes that chronically express a dominant-negative Mcu
construct,39 or as described here, lack the inhibitory subunit Micu2, without changes in the
expression of the mitochondrial sodium−calcium exchanger but with increased SERCA2a
activity39 or expression. Collectively, these data point to the multiple integrated mitochondrial
and cytosolic strategies to maintain calcium homeostasis in cardiomyocytes and other cells.
Our studies uncovered unexpected and critical roles for physiologic regulation of the
mitochondrial calcium uniporter complex to maintain calcium homeostasis in vascular tissues.
In the setting of angiotensin II-induced hypertension, Micu2-/- mice were prone to lethal
abdominal aortic aneurysms. Transcriptional profiles of the Micu2-/- aorta implicated molecules
and pathways known to promote aneurysm formation, including the proinflammatory state,
increased extracellular matrix remodeling, and cellular proliferation.71-75 Matrix metalloproteinase
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3 (Mmp3), which degrades collagen, fibronectin, laminin, and elastin, had significantly increased
expression.76 Mmp3 gene polymorphisms are associated with aneurysm formation in human
patients,77,78 and deletion of Mmp3 in mice reduces aneurysm formation.73 The expression of
Col3a1 and Col1a2, molecules that cause vascular disease in Ehlers-Danlos syndrome,79-81
were increased in angiotensin-treated Micu2-/- mice, a finding suggestive of active collagen
degradation from increased Mmp3 expression. Angiotensin II increased the expression of other
genes implicated in human aneurysms, most notably Fbn1 (fibrillin-1, mutated in Marfan
syndrome) and TGFβ2 (transforming growth factor beta-2, mutated in Loeys-Dietz syndrome).8284

Two calgranulins, S100a8 and S100a4, that were decreased in untreated Micu2-/- mice
and increased after angiotensin II infusion, are well positioned to directly link altered calcium flux
to aneurysm. Calgranulins are a family of small acidic calcium signaling proteins that promote
inflammation and vascular disease by activating the receptor for advanced glycation end
products (RAGE),85 and are linked to vascular dysfunction and atherosclerosis.86,87 S100a4 is
strongly up-regulated in human thoracic aortic aneurysms88 and intracranial aneurysms.89
Mechanistically, silencing S100a4 decreases vascular smooth muscle proliferation and matrix
metalloproteinase expression.88
Notably, Micu2-/- mice did not develop aneurysms in the setting of norepinephrineinduced hypertension, a finding that implicates angiotensin II-specific signaling. Angiotensin II
has been shown to activate noncanonical TGFβ signaling (ERK1/2) via protein kinase C.82-84,90-92
Recent studies of Fbn1-/- mice (modeling Marfan syndrome) treated with calcium channel
blockers had accelerated thoracic aortic aneurysm expansion and rupture through a protein
kinase C-mediated pathway, further implicating cross-talk between calcium signaling, TGFβ,
and aneurysms.93 Clinical evidence also supports the link between calcium and aneurysm
formation. A retrospective study of human patients identified the use of calcium channel
blockers as an independent risk factor for abdominal aortic aneurysms.94 These data and our
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findings motivate further investigations into mitochondrial calcium homeostasis and aneurysm
formation.
Angiotensin II and loss of the Micu2 paralog and binding partner Micu1 can trigger
oxidative stress and vascular dysfunction.95,96 These data, combined with our transcriptional
analyses, implicate oxidative stress in the pathogenesis of aneurysm in angiotensin II-treated
Micu2-/- mice. While atherogenic mice are thought to develop abdominal aortic aneurysms via
reactive oxygen species,97,98 the Micu2-/- mice described here implicates abnormal
mitochondrial calcium handling. It is notable that these two pathways, oxidative stress and
mitochondrial calcium by the uniporter, have recently been mechanistically linked at a molecular
level.70,99 Further elucidation of the mitochondrial molecules and pathways that impact stressinduced calcium signaling are expected to further insights into disease pathogenesis and
perhaps uncover novel therapeutic strategies to treat abdominal aortic aneurysms.

6.5. Materials and Methods
6.5.1. Mice
The Micu2 mice were derived from the gene-trap allele (Micu2; OST409343) that was
generated by the Texas A&M Institute for Genomic Medicine. The Victr 37 viral plasmid was
used to insert a splice acceptor, β-geo (β-galactosidase/neomycin) cassette, synthetic polyA
signal/transcriptional blocker, and PGK promoter/BTK exon/splice donor cassette, all flanked by
two viral long-terminal repeat segments in-between exons 4 and 5 of the Micu2 locus. Mice
were derived and backcrossed onto the C57/B6 background for >10 generations. All animal
experiments and procedures were reviewed and approved by the Institutional Animal Care and
Use Committee at Harvard Medical School.
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6.5.2. Immunoblots
Immunoblots were performed using antibodies from Sigma (Micu1, Mcu, actin), Abcam
(HSP60, ATP5a), and BD Biosciences (TIMM23). Antibodies against Micu2 and EMRE were
produced in collaboration with Bethyl.

6.5.3. Mouse liver mitochondrial isolation and calcium uptake analysis
Mitochondria were isolated from mouse liver using differential centrifugation as
previously described31 and resuspended in 220 mM mannitol, 75 mM sucrose, 10 mM HEPES
pH 7.4, 1 mM EDTA, and 0.2% BSA and kept on ice. Calcium uptake assays were performed
by adding 120 µg mitochondria to 150 µL buffer containing 125 mM KCl, 2 mM K2HPO4, 1 mM
MgCl2, 20 mM HEPES at pH 7.2, 5 mM glutamate and malate, and 1 µM Oregon GreenBapta6F. Fluorescence was monitored using a Perkin-Elmer Envision plate reader in response
to various pulses of CaCl2. Relative rate of calcium uptake is reported using a linear fit of
fluorescence from 30 to 40 s (n = 3).

6.5.4. Mouse echocardiography and abdominal ultrasonography
Mice were anesthetized with an isoflurane vaporizer (VetEquip), and each limb was
placed on ECG leads on a Vevo Mouse Handling Table (VisualSonics), maintaining the body
temperature at 37 °C during the study. Transthoracic echocardiography and transabdominal
ultrasonography was performed using Vevo 2100 High-Resolution In Vivo Micro-Imaging
System and MS550D transducer (VisualSonics), with heart rate at 500 to 550 beats per minute.
The images were acquired as 2D (left parasternal long and short axes), M-mode (left
parasternal short axis), speckle tracking and transabdominal 2D measurements. Measurements
were averaged from images acquired during three consecutive heart beats. All echocardiogram
and sonogram measurements were performed with an experienced operator blinded to mouse
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genotype. Differences between groups of mice were determined using the unpaired Student's ttest.

6.5.5. Single myocyte functional profiling
Ventricular cardiomyocytes from three pairs of adult wild-type and Micu2-/- littermates at
6 to 8 weeks of age on three separate days were isolated via a Langendorff-perfused heart
preparation using enzymatic digestion as previously described.100 After isolation, the cells were
suspended in Tyrode's buffers with gradually increasing Ca2+ concentrations (0.06, 0.6, and 1.2
mM, pH 7.4 at room temperature) and were loaded with 1 µM fura-2AM calcium indicator
(Molecular Probes, Eugene, OR, USA) as previously described.101 Myocytes were washed 3
times for 10 to 15 minutes with 1.2 mM Ca2+ Tyrode's solution containing 250 µM probenecid to
retain the indicator in the cytosol. The experiments were then performed at room temperature in
1.2 mM Ca2+ Tyrode's solution containing (in mM): NaCl 140, KCl 4.5, MgCl2 0.5, glucose 5, and
HEPES 10, pH adjusted to 7.4 with NaOH.
Cardiomyocytes were electrically paced at 60 beats per minute via platinum wires.
Sarcomere shortening/relengthening and Fura-2 fluorescence ratios (which reflect the
intracellular calcium transients) were simultaneously recorded and determined from discrete
striation positions on the myocyte using a dual-excitation fluorescence imaging/contractility
recording system (IonWizard SarcLen detection and PMT Acquisition fluorescence system;
IonOptix Inc., Milton, MA, USA). Sarcomere length and Ca2+ transients were analyzed using the
IonOptix transient analysis software. Myocytes included in the study were rod-shaped with a
clear striation pattern, quiescent in the absence of electrical stimulation, and with a resting
sarcomere length of more than 1.6 µm. At least seven myocytes were profiled from each animal.
Statistical analysis was performed with a two sample one-tailed Student’s t-test.
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6.5.6. Electron microscopy
LV tissue from three pairs of wild-type and Micu2-/- littermates at 18 weeks of age were
evaluated in a blinded fashion with 7 representative fields per mouse imaged at 1,900x
resolution on a Tecnai G² Spirit BioTWIN transmission electron microscope (FEI, Hillsboro,
Oregon). The average mitochondrial size and eccentricity were automatically quantitated with
CellProfiler (Broad Institute, Cambridge, MA).

6.5.7. Pharmacologic manipulation with Angiotensin II
Hypertension was induced in mice by chronic infusion with angiotensin II (Sigma-Aldrich)
dissolved in saline at 1.4 mg/kg/day or 2.8 mg/kg/day or norepinephrine dissolved in saline at
5.6 mg/kg/day, via an osmotic mini-pump for two weeks.102

6.5.8. Blood pressure measurement
Systolic blood pressure was measured in trained conscious mice, maintained at normal
body temperature, using a Visitech BP-2000 Analysis System (Visitech Systems, Apex, NC) as
previously described.103 Mice were “trained” to the procedure twice daily for 3 consecutive days,
and data were recorded over the following two days. Statistical analyses are from 10 readings
for each mouse.

6.5.9. Transcriptome wide analyses
Human tissue samples from HCM patients were obtained from study participants
undergoing either myectomy heart surgery, cardiac transplant surgery, or valve replacement
surgery with informed consent, using IRB-approved protocols at Brigham and Women’s
Hospital.
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RNA from human tissues and mouse LV was prepared and RNA-Seq libraries were
constructed as previously described.104 Uniform amplification of the cDNA library was achieved
with amplification cycling before the reaction reached saturation, as determined by quantitative
PCR. Aorta RNA-Seq libraries were constructed with the Nextera library preparation method.105
To reduce biological variation in mouse specimens, RNA was pooled from three biological
replicates for LV samples and angiotensin II-treated aorta samples. For the basal aorta RNAseq samples, libraries from three biological replicates for each genotype (Micu2-/- and wild-type)
were constructed and the libraries were sequenced individually.
Libraries were sequenced on an Illumina HiSeq 2000 sequencer with 50 base pair
paired-end reads. Following sequencing, alignment of reads to the mm10 genome was
performed with Bowtie and Tophat.106 Gene expression profiles were constructed by tallying
reads on gene loci, using a Bayesian p-value to assess the significance of gene expression
differences between pooled samples.107 Cuffdiff 2 was used for assessing significance of gene
expression differences in aorta RNA-seq library replicates.108
Genes were considered differentially expressed if there was a >40% increase or
decrease in fold change with p < 10-3. The DCM mouse model and HCM mouse model
transcriptome datasets were previously described.109,110 Gene ontology pathway enrichment
analysis was performed with DAVID.111

6.5.10. Single cell RNA-seq
Mouse aortas were dissected and digested into single cells using collagenase. Cells were
captured, and RNA was extracted and amplified into cDNA libraries using the Fluidigm C1
system (Fluidigm, San Francisco, CA) as previously described.112 Libraries were sequenced on
an Illumina HiSeq 2000 sequencer with 50 base pair paired-end reads. Reads were aligned
using Tophat. The expression of known markers for vascular lineages was used to classify each
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cell as a smooth muscle cell (Acta2, Tagln, Myh11), fibroblast (Vim), or endothelial cell
(Pecam1, Tek, Cdh5). Cells lacking any of these markers were classified as “undetermined.”
Wilcox and fisher test p-values were calculated in the R statistical computing environment,
version 2.15 (www.r-project.org).

6.6. Acknowledgements
We thank Dr. Rick Mitchell for helpful discussions. A.G.B was supported by NIH graduate
fellowship T32GM007753. K.J.K. was supported by a graduate research fellowship from the
National Science Foundation. Y.S. received support from Helen Hay Whitney Foundation. This
work was supported by a gift from W. Dan and Pat Wright (V.K.M.) and grant from Fondation
Leducq (J.G.S. and C.E.S.) and the Howard Hughes Medical Institute (to V.K.M. and C.E.S.).

6.7. References
1

Geisterfer-Lowrance, A. A. T., Christe, M., Conner, D. A., Ingwall, J. S., Schoen, F. J.,
Seidman, C. E. & Seidman, J. G. A mouse model of familial hypertrophic cardiomyopathy.
Science 272, 731-734 (1996).

2

Konno, T., Chang, S., Seidman, J. G. & Seidman, C. E. Genetics of hypertrophic
cardiomyopathy. Curr Opin Cardiol 25, 205-209 (2010).

3

Teekakirikul, P., Padera, R. F., Seidman, J. G. & Seidman, C. E. Hypertrophic
cardiomyopathy: Translating cellular cross talk into therapeutics. J Cell Biol 199, 417-421
(2012).

4

Guclu, A., Germans, T., Witjas-Paalberends, E. R., Stienen, G. J. M., Brouwer, W. P.,
Harms, H. J., Marcus, J. T., Vonk, A. B. A., Stooker, W., Yilmaz, A. et al. ENerGetIcs in
hypertrophic cardiomyopathy: traNslation between MRI, PET and cardiac myofilament
function (ENGINE study). Neth Heart J 21, 567-571 (2013).

5

Ingwall, J. S. Transgenesis and cardiac energetics: new insights into cardiac metabolism. J
Mol Cell Cardiol 37, 613-623 (2004).

6

Maack, C. & O'Rourke, B. Excitation-contraction coupling and mitochondrial energetics.
Basic Res Cardiol 102, 369-392 (2007).

161

7

Sulakhe, P. V. & Dhalla, N. S. Excitation-contraction coupling in heart. 7. Calcium
accumulation in subcellular particles in congestive heart failure. J Clin Invest 50, 1019-&
(1971).

8

Tardiff, J. C., Carrier, L., Bers, D. M., Poggesi, C., Ferrantini, C., Coppini, R., Maier, L. S.,
Ashrafian, H., Huke, S. & van der Velden, J. Targets for therapy in sarcomeric
cardiomyopathies. Cardiovasc Res 105, 457-470 (2015).

9

Abozguia, K., Elliott, P., McKenna, W., Phan, T. T., Nallur-Shivu, G., Ahmed, I., Maher, A.
R., Kaur, K., Taylor, J., Henning, A., Ashrafian, H., Watkins, H. & Frenneaux, M. Metabolic
modulator perhexiline corrects energy deficiency and improves exercise capacity in
symptomatic hypertrophic cardiomyopathy. Circulation 122, 1562-U1556 (2010).

10 Beadle, R. M., Williams, L. K., Kuehl, M., Bowater, S., Abozguia, K., Leyva, F., Yousef, Z.,
Wagenmakers, A. J. M., Thies, F., Horowitz, J. & Frenneaux, M. P. Improvement in cardiac
energetics by perhexiline in heart failure due to dilated cardiomyopathy. Jacc-Heart Failure
3, 202-211 (2015).
11 Dass, S., Cochlin, L. E., Suttie, J. J., Holloway, C. J., Rider, O. J., Carden, L., Tyler, D. J.,
Karamitsos, T. D., Clarke, K., Neubauer, S. & Watkins, H. Exacerbation of cardiac energetic
impairment during exercise in hypertrophic cardiomyopathy: a potential mechanism for
diastolic dysfunction. Eur Heart J 36, 1547-1554 (2015).
12 Gao, W. D., Perez, N. G., Seidman, C. E., Seidman, J. G. & Marban, E. Altered cardiac
excitation-contraction coupling in mutant mice with familial hypertrophic cardiomyopathy. J
Clin Invest 103, 661-666 (1999).
13 Hasenfuss, G., Mulieri, L. A., Leavitt, B. J., Allen, P. D., Haeberle, J. R. & Alpert, N. R.
Aleteration of contractile function and excitation contraction coupling in dilated
cardiomyopathy. Circ Res 70, 1225-1232 (1992).
14 Palmer, B. M., Fishbaugher, D. E., Schmitt, J. P., Wang, Y., Alpert, N. R., Seidman, C. E.,
Seidman, J. G., VanBuren, P. & Maughan, D. W. Differential cross-bridge kinetics of FHC
myosin mutations R403Q and R453C in heterozygous mouse myocardium. Am J Physiol
Heart Circ Physiol 287, H91-H99 (2004).
15 Palmer, B. M., Schmitt, J. P., Seidman, C. E., Seidman, J. G., Wang, Y., Bell, S. P.,
LeWinter, M. M. & Maughan, D. W. Elevated rates of force development and MgATP
binding in F764L and S532P myosin mutations causing dilated cardiomyopathy. J Mol Cell
Cardiol 57, 23-31 (2013).
16 Taegtmeyer, H., King, L. M. & Jones, B. E. Energy substrate metabolism, myocardial
ischemia, and targets for pharmacotherapy. Am J Cardiol 82, 54K-60K (1998).
17 Territo, P. R., Mootha, V. K., French, S. A. & Balaban, R. S. Ca2+ activation of heart
mitochondrial oxidative phosphorylation: role of the F-0/F-1-ATPase. Am J Physiol Cell
Physiol 278, C423-C435 (2000).
18 Depre, C., Davies, P. J. A. & Taegtmeyer, H. Transcriptional adaptation at the heart ta
mechanical unloading. Am J Cardiol 83, 58H-63H (1999).

162

19 Teekakirikul, P., Eminaga, S., Toka, O., Alcalai, R., Wang, L., Wakimoto, H., Nayor, M.,
Konno, T., Gorham, J. M., Wolf, C. M. et al. Cardiac fibrosis in mice with hypertrophic
cardiomyopathy is mediated by non-myocyte proliferation and requires Tgf-beta. J Clin
Invest 120, 3520-3529 (2010).
20 Koopman, W. J. H., Willems, P. H. G. M. & Smeitink, J. A. M. Monogenic mitochondrial
disorders. N Engl J Med 366, 1132-1141 (2012).
21 Lieber, D. S., Calvo, S. E., Shanahan, K., Slate, N. G., Liu, S., Hershman, S. G., Gold, N.
B., Chapman, B. A., Thorburn, D. R., Berry, G. T. et al. Targeted exome sequencing of
suspected mitochondrial disorders. Neurology 80, 1762-1770 (2013).
22 Calvo, S., Jain, M., Xie, X. H., Sheth, S. A., Chang, B., Goldberger, O. A., Spinazzola, A.,
Zeviani, M., Carr, S. A. & Mootha, V. K. Systematic identification of human mitochondrial
disease genes through integrative genomics. Nature Genet 38, 576-582 (2006).
23 Calvo, S. E., Compton, A. G., Hershman, S. G., Lim, S. C., Lieber, D. S., Tucker, E. J.,
Laskowski, A., Garone, C., Liu, S., Jaffe, D. B. et al. Molecular diagnosis of infantile
mitochondrial disease with targeted next-generation sequencing. Science Transl Med 4
(2012).
24 Gotz, A., Tyynismaa, H., Euro, L., Ellonen, P., Hyotylainen, T., Ojala, T., Hamalainen, R. H.,
Tommiska, J., Raivio, T., Oresic, M. et al. Exome sequencing identifies mitochondrial
alanyl-tRNA synthetase mutations in infantile mitochondrial cardiomyopathy. Am J Human
Genet 88, 635-642 (2011).
25 Brunetti-Pierri, N., Pignatelli, R., Fouladi, N., Towbin, J. A., Belmont, J. W., Craigen, W. J.,
Wong, L.-J., Jefferies, J. L. & Scaglia, F. Dilation of the aortic root in mitochondrial disease
patients. Mol Genet Metab 103, 167-170 (2011).
26 Tay, S. H. K., Nordli, D. R., Bonilla, E., Null, E., Monaco, S., Hirano, M. & DiMauro, S. Aortic
rupture in mitochondrial encephalopathy lactic acidosis, and stroke-like episodes. Arch
Neurol 63, 281-283 (2006).
27 Schmitt, J. P., Kamisago, M., Asahi, M., Li, G. H., Ahmad, F., Mende, U., Kranias, E. G.,
MacLennan, D. H., Seidman, J. G. & Seidman, C. E. Dilated cardiomyopathy and heart
failure caused by a mutation in phospholamban. Science 299, 1410-1413 (2003).
28 Kamer, K. J., Grabarek, Z. & Mootha, V. K. High-affinity cooperative Ca2+ binding by
MICU1-MICU2 serves as an on-off switch for the uniporter. EMBO Rep 18, 1397-1411
(2017).
29 Kamer, K. J. & Mootha, V. K. MICU1 and MICU2 play nonredundant roles in the regulation
of the mitochondrial calcium uniporter. EMBO Rep 15, 299-307 (2014).
30 Kamer, K. J. & Mootha, V. K. The molecular era of the mitochondrial calcium uniporter. Nat
Rev Mol Cell Bio 16, 545-553 (2015).
31 Plovanich, M., Bogorad, R. L., Sancak, Y., Kamer, K. J., Strittmatter, L., Li, A. A., Girgis, H.
S., Kuchimanchi, S., De Groot, J., Speciner, L., Taneja, N., Oshea, J., Koteliansky, V. &

163

Mootha, V. K. MICU2, a paralog of MICU1, resides within the mitochondrial uniporter
complex to regulate calcium handling. Plos One 8 (2013).
32 Kovacs-Bogdan, E., Sancak, Y., Kamer, K. J., Plovanich, M., Jambhekar, A., Huber, R. J.,
Myre, M. A., Blower, M. D. & Mootha, V. K. Reconstitution of the mitochondrial calcium
uniporter in yeast. Proc Natl Acad Sci U.S.A 111, 8985-8990 (2014).
33 Sancak, Y., Markhard, A. L., Kitami, T., Kovacs-Bogdan, E., Kamer, K. J., Udeshi, N. D.,
Carr, S. A., Chaudhuri, D., Clapham, D. E., Li, A. A., Calvo, S. E., Goldberger, O. & Mootha,
V. K. EMRE is an essential component of the mitochondrial calcium uniporter complex.
Science 342, 1379-1382 (2013).
34 Holmstroem, K. M., Pan, X., Liu, J. C., Menazza, S., Liu, J., Nguyen, T. T., Pan, H., Parks,
R. J., Anderson, S., Noguchi, A., Springer, D., Murphy, E. & Finkel, T. Assessment of
cardiac function in mice lacking the mitochondrial calcium uniporter. J Mol Cell Cardiol 85,
178-182 (2015).
35 Pan, X., Liu, J., Nguyen, T., Liu, C., Sun, J., Teng, Y., Fergusson, M. M., Rovira, I. I., Allen,
M., Springer, D. A. et al. The physiological role of mitochondrial calcium revealed by mice
lacking the mitochondrial calcium uniporter. Nat Cell Biol 15, 1464-+ (2013).
36 Kwong, J. Q., Lu, X., Correll, R. N., Schwanekamp, J. A., Vagnozzi, R. J., Sargent, M. A.,
York, A. J., Zhang, J., Bers, D. M. & Molkentin, J. D. The mitochondrial calcium uniporter
selectively matches metabolic output to acute contractile stress in the heart. Cell Rep 12,
15-22 (2015).
37 Luongo, T. S., Lambert, J. P., Yuan, A., Zhang, X., Gross, P., Song, J., Shanmughapriya,
S., Gao, E., Jain, M., Houser, S. R., Koch, W. J., Cheung, J. Y., Madesh, M. & Elrod, J. W.
The mitochondrial calcium uniporter matches energetic supply with cardiac workload during
stress and modulates permeability transition. Cell Rep 12, 23-34 (2015).
38 Wu, Y., Rasmussen, T. P., Koval, O. M., Joiner, M.-l. A., Hall, D. D., Chen, B., Luczak, E.
D., Wang, Q., Rokita, A. G., Wehrens, X. H. T., Song, L.-S. & Anderson, M. E. The
mitochondrial uniporter controls fight or flight heart rate increases. Nat Commun 6 (2015).
39 Rasmussen, T. P., Wu, Y., Joiner, M.-l. A., Koval, O. M., Wilson, N. R., Luczak, E. D.,
Wang, Q., Chen, B., Gao, Z., Zhu, Z. et al. Inhibition of MCU forces extramitochondrial
adaptations governing physiological and pathological stress responses in heart. Proc Natl
Acad Sci U.S.A. 112, 9129-9134 (2015).
40 Nagueh, S. F., Appleton, C. P., Gillebert, T. C., Marino, P. N., Oh, J. K., Smiseth, O. A.,
Waggoner, A. D., Flachskampf, F. A., Pellikka, P. A. & Evangelista, A. Recommendations
for the Evaluation of Left Ventricular Diastolic Function by Echocardiography. J Am Soc
Echocardiogr 22, 107-133 (2009).
41 Tsang, T. S. M., Barnes, M. E., Gersh, B. J., Bailey, K. R. & Seward, J. B. Left atrial volume
as a morphophysiologic expression of left ventricular diastolic dysfunction and relation to
cardiovascular risk burden. Am J Cardiol 90, 1284-1289 (2002).
42 Burke, M. A., Chang, S., Wakimoto, H., Gorham, J. M., Conner, D. A., Christodoulou, D. C.,
Parfenov, M. G., DePalma, S. R., Eminaga, S., Konno, T., Seidman, J. G. & Seidman, C. E.

164

Molecular profiling of dilated cardiomyopathy that progresses to heart failure. Jci Insight 1
(2016).
43 Foster, L. J., de Hoog, C. L., Zhang, Y. L., Zhang, Y., Xie, X. H., Mootha, V. K. & Mann, M.
A mammalian organelle map by protein correlation profiling. Cell 125, 187-199 (2006).
44 Pagliarini, D. J., Calvo, S. E., Chang, B., Sheth, S. A., Vafai, S. B., Ong, S.-E., Walford, G.
A., Sugiana, C., Boneh, A., Chen, W. K. et al. A mitochondrial protein compendium
elucidates complex I disease biology. Cell 134, 112-123 (2008).
45 Jeong, K., Oh, Y., Kim, S.-J., Kim, H., Park, K.-C., Kim, S. S., Ha, J., Kang, I. & Choe, W.
Apelin is transcriptionally regulated by ER stress-induced ATF4 expression via a p38
MAPK-dependent pathway. Apoptosis 19, 1399-1410 (2014).
46 Siddiquee, K., Hampton, J., McAnally, D., May, L. T. & Smith, L. H. The apelin receptor
inhibits the angiotensin II type 1 receptor via allosteric trans-inhibition. Br J Pharmacol 168,
1104-1117 (2013).
47 Sun, X., Iida, S., Yoshikawa, A., Senbonmatsu, R., Imanaka, K., Maruyama, K., Nishimura,
S., Inagami, T. & Senbonmatsu, T. Non-activated APJ suppresses the angiotensin II type 1
receptor, whereas apelin-activated APJ acts conversely. Hypertens Res 34, 701-706
(2011).
48 Crowley, S. D., Gurley, S. B., Herrera, M. J., Ruiz, P., Griffiths, R., Kumar, A. P., Kim, H.-S.,
Smithies, O., Le, T. H. & Coffman, T. M. Angiotensin II causes hypertension and cardiac
hypertrophy through its receptors in the kidney. Proc Natl Acad Sci U.S.A. 103, 1798517990 (2006).
49 Islam, S., Zeisel, A., Joost, S., La Manno, G., Zajac, P., Kasper, M., Lonnerberg, P. &
Linnarsson, S. Quantitative single-cell RNA-seq with unique molecular identifiers. Nat
Methods 11, 163-+ (2014).
50 Bachmaier, K., Neu, N., Pummerer, C., Duncan, G. S., Mak, T. W., Matsuyama, T. &
Penninger, J. M. iNOS expression and nitrotyrosine formation in the myocardium in
response to inflammation is controlled by the interferon regulatory transcription factor 1.
Circulation 96, 585-591 (1997).
51 Cai, L., Wang, Y., Zhou, G., Chen, T., Song, Y., Li, X. & Kang, Y. J. Attenuation by
metallothionein of early cardiac cell death via suppression of mitochondrial oxidative stress
results in a prevention of diabetic cardiomyopathy. J Am Coll Cardiol 48, 1688-1697 (2006).
52 Yao, Y., Li, C., Zhou, X., Zhang, Y., Lu, Y., Chen, J., Zheng, X., Tao, D., Liu, Y. & Ma, Y.
PIWIL2 induces c-Myc expression by interacting with NME2 and regulates c-Myc-mediated
tumor cell proliferation. Oncotarget 5, 8466-8477 (2014).
53 Song, E.-l., Hou, Y.-p., Yu, S.-p., Chen, S.-g., Huang, J.-t., Luo, T., Kong, L.-p., Xu, J. &
Wang, H.-q. EFEMP1 expression promotes angiogenesis and accelerates the growth of
cervical cancer in vivo. Gynecol Oncol 121, 174-180 (2011).
54 Sukhatme, V. P., Cao, X. M., Chang, L. C., Tsaimorris, C. H., Stamenkovich, D., Ferreira,
P. C. P., Cohen, D. R., Edwards, S. A., Shows, T. B., Curran, T., Lebeau, M. M. &

165

Adamson, E. D. A zinc finger-encoding gene coregulated with c-Fos during growth and
differentiation, and after cellular depolarization. Cell 53, 37-43 (1988).
55 Zeng, X. R., Sun, Y. B., Wenger, L. & Cheung, H. S. Basic calcium phosphate crystalinduced Egr-1 expression stimulates mitogenesis in human fibroblasts. Biochem Biophys
Res Commun 330, 658-664 (2005).
56 Stadtman, E. R., Moskovitz, J., Berlett, B. S. & Levine, R. L. Cyclic oxidation and reduction
of protein methionine residues is an important antioxidant mechanism. Mol Cell Biochem
234, 3-9 (2002).
57 Zhang, X., Ng, W.-L., Wang, P., Tian, L., Werner, E., Wang, H., Doetsch, P. & Wang, Y.
MicroRNA-21 modulates the levels of reactive oxygen species by targeting SOD3 and TNF
alpha. Cancer Res 72, 4707-4713 (2012).
58 Matsusaka, T., Fujikawa, K., Nishio, Y., Mukaida, N., Matsushima, K., Kishimoto, T. & Akira,
S. Transcription factors NF-IL6 and NF-Kappa-B synergistically activate transcription of the
inflammatory cytokines, interleukin-6 and interleukin-8. Proc Natl Acad Sci U.S.A. 90,
10193-10197 (1993).
59 Fentzke, R. C., Korcarz, C. E., Lang, R. M., Lin, H. & Leiden, J. M. Dilated cardiomyopathy
in transgenic mice expressing a dominant-negative CREB transcription factor in the heart. J
Clin Invest 101, 2415-2426 (1998).
60 Huggins, G. S., Lepore, J. J., Greytak, S., Patten, R., McNamee, R., Aronovitz, M., Wang,
P. J. & Reed, G. L. The CREB leucine zipper regulates CREB phosphorylation,
cardiomyopathy, and lethality in a transgenic model of heart failure. Am J Physiol Heart Circ
Physiol 293, H1877-H1882 (2007).
61 Gaasch, W. H. & Zile, M. R. Left ventricular diastolic dysfunction and diastolic heart failure.
Annu Rev Med 55, 373-394 (2004).
62 Kass, D. A., Bronzwaer, J. G. F. & Paulus, W. J. What mechanisms underlie diastolic
dysfunction in heart failure? Circ Res 94, 1533-1542 (2004).
63 del Monte, F., Harding, S. E., Dec, G. W., Gwathmey, J. K. & Hajjar, R. J. Targeting
phospholamban by gene transfer in human heart failure. Circulation 105, 904-907 (2002).
64 Hasenfuss, G. & Pieske, B. Calcium cycling in congestive heart failure. J Mol Cell Cardiol
34, 951-969 (2002).
65 O'Rourke, B., Kass, D. A., Tomaselli, G. F., Kaab, S., Tunin, R. & Marban, E. Mechanisms
of altered excitation-contraction coupling in canine tachycardia-induced heart failure, I Experimental studies. Circ Res 84, 562-570 (1999).
66 Schmidt, U., Hajjar, R. J., Helm, P. A., Kim, C. S., Doye, A. A. & Gwathmey, J. K.
Contribution of abnormal sarcoplasmic reticulum ATPase activity to systolic and diastolic
dysfunction in human heart failure. J Mol Cell Cardiol 30, 1929-1937 (1998).
67 Bick, A. G., Calvo, S. E. & Mootha, V. K. Evolutionary diversity of the mitochondrial calcium
uniporter. Science 336, 886-886 (2012).

166

68 Antony, A. N., Paillard, M., Moffat, C., Juskeyiciute, E., Correnti, J., Bolon, B., Rubin, E.,
Csordas, G., Seifert, E. L., Hoek, J. B. & Hajnoczky, G. MICU1 regulation of mitochondrial
Ca2+ uptake dictates survival and tissue regeneration. Nat Commun 7 (2016).
69 Liu, J. C., Liu, J., Holmstrom, K. M., Menazza, S., Parks, R. J., Fergusson, M. M., Yu, Z.-X.,
Springer, D. A., Halsey, C., Liu, C., Murphy, E. & Finkel, T. MICU1 serves as a molecular
gatekeeper to prevent in vivo mitochondrial calcium overload. Cell Rep 16, 1561-1573
(2016).
70 Dong, Z., Shanmughapriya, S., Tomar, D., Siddiqui, N., Lynch, S., Nemani, N., Breves, S.
L., Zhang, X., Tripathi, A., Palaniappan, P. et al. Mitochondrial Ca(2+) uniporter Is a
mitochondrial luminal redox sensor that augments MCU channel activity. Mol Cell 65, 10141028 e1017 (2017).
71 Freestone, T., Turner, R. J., Coady, A., Higman, D. J., Greenhalgh, R. M. & Powell, J. T.
Inflammation and matrix metalloproteinases in the enlarging abdominal aortic-aneurysm.
Arterioscler Thromb Vasc Biol 15, 1145-1151 (1995).
72 Newman, K. M., Ogata, Y., Malon, A. M., Irizarry, E., Gandhi, R. H., Nagase, H. & Tilson, M.
D. Identification of matrix metalloproteinase-3 (stromelysin-1) and metalloproteinase-9
(gelatinase-B) in abdominal aortic-aneurysm. Arterioscler Thromb 14, 1315-1320 (1994).
73 Ramos-Mozo, P., Rodriguez, C., Pastor-Vargas, C., Blanco-Colio, L. M., MartinezGonzalez, J., Meilhac, O., Michel, J. B., Vega de Ceniga, M., Egido, J. & Martin-Ventura, J.
L. Plasma profiling by a protein array approach identifies IGFBP-1 as a novel biomarker of
abdominal aortic aneurysm. Atherosclerosis 221, 544-550 (2012).
74 Shimizu, K., Mitchell, R. N. & Libby, P. Inflammation and cellular immune responses in
abdominal aortic aneurysms. Arterioscler Thromb Vasc Biol 26, 987-994 (2006).
75 Sukhanov, S., Higashi, Y., Shai, S.-Y., Vaughn, C., Mohler, J., Li, Y., Song, Y.-H.,
Titterington, J. & Delafontaine, P. IGF-1 reduces inflammatory responses, suppresses
oxidative stress, and decreases atherosclerosis progression in ApoE-deficient mice.
Arterioscler Thromb Vasc Biol 27, 2684-2690 (2007).
76 Palombo, D., Maione, M., Cifiello, B. I., Udini, M., Maggio, D. & Lupo, M. Matrix
metalloproteinases. Their role in degenerative chronic diseases of abdominal aorta. J
Cardiovasc Surg (Torino) 40, 257-260 (1999).
77 Morris, D. R., Biros, E., Cronin, O., Kuivaniemi, H. & Golledge, J. The association of genetic
variants of matrix metalloproteinases with abdominal aortic aneurysm: a systematic review
and meta-analysis. Heart 100, 295-302 (2014).
78 Saracini, C., Bolli, P., Sticchi, E., Pratesi, G., Pulli, R., Sofi, F., Pratesi, C., Gensini, G. F.,
Abbate, R. & Giusti, B. Polymorphisms of genes involved in extracellular matrix remodeling
and abdominal aortic aneurysm. J Vasc Surg 55, 171-179 (2012).
79 Sasaki, T., Arai, K., Ono, M., Yamaguchi, T., Furuta, S. & Nagai, Y. Ehlers-Danlos
syndrome-a variant characterized by the deficiency of pro-alpha-2 chain of type-I
procollagen. Arch Dermatol 123, 76-79 (1987).

167

80 Supertifurga, A., Gugler, E., Gitzelmann, R. & Steinmann, B. Ehlers-Danlos syndrome typeIV- a multi-exon deletion in one of the 2 COL3A1 alleles affecting structure, stability, and
processing of type-III procollagen. J Biol Chem 263, 6226-6232 (1988).
81 Vissing, H., Dalessio, M., Lee, B., Ramirez, F., Byers, P. H., Steinmann, B. & Supertifurga,
A. Multiexon deletion in the procollagin-III gene is associated with mild ehlers-danlos
syndrome type-IV. J Biol Chem 266, 5244-5248 (1991).
82 Boileau, C., Guo, D.-C., Hanna, N., Regalado, E. S., Detaint, D., Gong, L., Varret, M.,
Prakash, S. K., Li, A. H., d'Indy, H. et al. TGFB2 mutations cause familial thoracic aortic
aneurysms and dissections associated with mild systemic features of Marfan syndrome. Nat
Genet 44, 916-+ (2012).
83 Lerner-Ellis, J. P., Aldubayan, S. H., Hernandez, A. L., Kelly, M. A., Stuenkel, A. J., Walsh,
J. & Joshi, V. A. The spectrum of FBN1, TGF beta R1, TGF beta R2 and ACTA2 variants in
594 individuals with suspected Marfan Syndrome, Loeys-Dietz Syndrome or Thoracic Aortic
Aneurysms and Dissections (TAAD). Mol Genet Metab 112, 171-176 (2014).
84 Milewicz, D. M., Michael, K., Fisher, N., Coselli, J. S., Markello, T. & Biddinger, A. Fibrillin-1
(FBN1) mutations in patients with thoracic aortic aneurysms. Circulation 94, 2708-2711
(1996).
85 Hofmann, M. A., Drury, S., Fu, C. F., Qu, W., Taguchi, A., Lu, Y., Avila, C., Kambham, N.,
Bierhaus, A., Nawroth, P. et al. RAGE mediates a novel proinflammatory axis: A central cell
surface receptor for S100/calgranulin polypeptides. Cell 97, 889-901 (1999).
86 Averill, M. M., Kerkhoff, C. & Bornfeldt, K. E. S100A8 and S100A9 in cardiovascular biology
and disease. Arterioscler Thromb and Vasc Biol 32, 223-229 (2012).
87 Hofmann Bowman, M., Wilk, J., Heydemann, A., Kim, G., Rehman, J., Lodato, J. A.,
Raman, J. & McNally, E. M. S100A12 mediates aortic wall remodeling and aortic aneurysm.
Circ Res 106, 145-154 (2010).
88 Cao, J., Geng, L., Wu, Q., Wang, W., Chen, Q., Lu, L., Shen, W. & Chen, Y. Spatiotemporal
expression of matrix metalloproteinases (MMPs) is regulated by the Ca2+-signal transducer
S100A4 in the pathogenesis of thoracic aortic aneurysm. Plos One 8 (2013).
89 Coen, M., Burkhardt, K., Bijlenga, P., Gabbiani, G., Schaller, K., Koevari, E., Ruefenacht, D.
A., Ruiz, D. S. M., Pizzolato, G. & Bochaton-Piallat, M.-L. Smooth muscle cells of human
intracranial aneurysms assume phenotypic features similar to those of the atherosclerotic
plaque. Cardiovasc Pathol 22, 339-344 (2013).
90 Olson, E. R., Shamhart, P. E., Naugle, J. E. & Meszaros, J. G. Angiotensin II-induced
extracellular signal-regulated kinase 1/2 activation is mediated by protein kinase C delta
and intracellular calcium in adult rat cardiac fibroblasts. Hypertension 51, 704-711 (2008).
91 Regalado, E. S., Guo, D.-c., Villamizar, C., Avidan, N., Gilchrist, D., McGillivray, B., Clarke,
L., Bernier, F., Santos-Cortez, R. L., Leal, S. M. et al. Exome sequencing identifies SMAD3
mutations as a cause of familial thoracic aortic aneurysm and dissection with intracranial
and other arterial aneurysms. Circ Res 109, 680-U220 (2011).

168

92 Shah, B. H. & Catt, K. J. Calcium-independent activation of extracellularly regulated kinases
1 and 2 by angiotensin II in hepatic C9 cells: Roles of protein kinase c delta, Src/proline-rich
tyrosine kinase 2, and epidermal growth factor receptor trans-activation. Mol Pharmacol 61,
343-351 (2002).
93 Doyle, J. J., Doyle, A. J., Wilson, N. K., Habashi, J. P., Bedja, D., Whitworth, R. E., Lindsay,
M. E., Schoenhoff, F., Myers, L., Huso, N. et al. A deleterious gene-by-environment
interaction imposed by calcium channel blockers in Marfan syndrome. Elife 4 (2015).
94 Wilmink, A. B. M., Vardulaki, K. A., Hubbard, C. S. F., Day, N. E., Ashton, H. A., Scott, A. P.
& Quick, C. R. G. Are antihypertensive drugs associated with abdominal aortic aneurysms?
J Vasc Surg 36, 751-757 (2002).
95 Doughan, A. K., Harrison, D. G. & Dikalov, S. I. Molecular mechanisms of angiotensin IImediated mitochondrial dysfunction - Linking mitochondrial oxidative damage and vascular
endothelial dysfunction. Circ Res 102, 488-496 (2008).
96 Hoffman, N. E., Chandramoorthy, H. C., Shamugapriya, S., Zhang, X., Rajan, S.,
Mallilankaraman, K., Gandhirajan, R. K., Vagnozzi, R. J., Ferrer, L. M., Sreekrishnanilayam,
K. et al. MICU1 motifs define mitochondrial calcium uniporter binding and activity. Cell Rep
5, 1576-1588 (2013).
97 Daugherty, A. & Cassis, L. A. Mouse models of abdominal aortic aneurysms. Arterioscler
Thromb Vasc Biol 24, 429-434 (2004).
98 Kuhlencordt, P. J., Gyurko, R., Han, F., Scherrer-Crosbie, M., Aretz, T. H., Hajjar, R.,
Picard, M. H. & Huang, P. L. Accelerated atherosclerosis, aortic aneurysm formation, and
ischemic heart disease in apolipoprotein E/endothelial nitric oxide synthase doubleknockout mice. Circulation 104, 448-454 (2001).
99 Choi, S., Quan, X., Bang, S., Yoo, H., Kim, J., Park, J., Park, K.-S. & Chung, J.
Mitochondrial calcium uniporter in Drosophila transfers calcium between the endoplasmic
reticulum and mitochondria in oxidative stress-induced cell death. J Biol Chem 292, 1447314485 (2017).
100 Lim, C. C., Apstein, C. S., Colucci, W. S. & Liao, R. L. Impaired cell shortening and
relengthening with increased pacing frequency are intrinsic to the senescent mouse
cardiomyocyte. J Mol Cell Cardiol 32, 2075-2082 (2000).
101 Nagata, K., Liao, R. L., Eberli, F. R., Satoh, N., Chevalier, B., Apstein, C. S. & Suter, T. M.
Early changes in excitation-contraction coupling: transition from compensated hypertrophy
to failure in Dahl salt-sensitive rat myocytes. Cardiovasc Res 37, 467-477 (1998).
102 Zhan, Y. M., Brown, C., Maynard, E., Anshelevich, A., Ni, W. H., Ho, I. C. & Oettgen, P. Ets1 is a critical regulator of Ang II-mediated vascular inflammation and remodeling. J Clin
Invest 115, 2508-2516 (2005).
103 Chen, P.-C., Wakimoto, H., Conner, D., Araki, T., Yuan, T., Roberts, A., Seidman, C. E.,
Bronson, R., Neel, B. G., Seidman, J. G. & Kucherlapati, R. Activation of multiple signaling
pathways causes developmental defects in mice with a Noonan syndrome-associated Sos1
mutation. J Clin Invest 120, 4353-4365 (2010).

169

104 Christodoulou, D. C., Gorham, J. M., Herman, D. S. & Seidman, J. G. Construction of
normalized RNA-seq libraries for next-generation sequencing using the crab duplex-specific
nuclease. Curr Protoc Mol Biol Chapter 4, Unit4 12 (2011).
105 Trombetta, J. J., Gennert, D., Lu, D., Satija, R., Shalek, A. K. & Regev, A. Preparation of
single-cell RNA-seq libraries for next generation sequencing. Curr Protoc Mol Biol 107, 4 22
21-17 (2014).
106 Trapnell, C., Roberts, A., Goff, L., Pertea, G., Kim, D., Kelley, D. R., Pimentel, H., Salzberg,
S. L., Rinn, J. L. & Pachter, L. Differential gene and transcript expression analysis of RNAseq experiments with TopHat and Cufflinks. Nature Protoc 7, 562-578 (2012).
107 Christodoulou, D. C., Gorham, J. M., Kawana, M., DePalma, S. R., Herman, D. S. &
Wakimoto, H. Quantification of gene transcripts with deep sequencing analysis of gene
expression (DSAGE) using 1 to 2 microg total RNA. Curr Protoc Mol Biol Chapter 25,
Unit25B 29 (2011).
108 Trapnell, C., Hendrickson, D. G., Sauvageau, M., Goff, L., Rinn, J. L. & Pachter, L.
Differential analysis of gene regulation at transcript resolution with RNA-seq. Nat Biotech
31, 46-+ (2013).
109 Burke, M. A., Chang, S., Christodoulou, D. C., Gorham, J. M., Wakimoto, H., Seidman, C.
E. & Seidman, J. G. Proliferation of cardiac fibroblasts defines early stages of genetic
dilated cardiomyopathy and precedes myocardial metabolic derangement. Circ. Res. 115,
A290-A290 (2014).
110 Christodoulou, D. C., Wakimoto, H., Onoue, K., Eminaga, S., Gorham, J. M., DePalma, S.
R., Herman, D. S., Teekakirikul, P., Conner, D. A., McKean, D. M. et al. 5 ' RNA-Seq
identifies Fhl1 as a genetic modifier in cardiomyopathy. J Clin Invest 124, 1364-1370
(2014).
111 Huang, D. W., Sherman, B. T. & Lempicki, R. A. Systematic and integrative analysis of
large gene lists using DAVID bioinformatics resources. Nature Protoc 4, 44-57 (2009).
112 Wu, A. R., Neff, N. F., Kalisky, T., Dalerba, P., Treutlein, B., Rothenberg, M. E., Mburu, F.
M., Mantalas, G. L., Sim, S., Clarke, M. F. & Quake, S. R. Quantitative assessment of
single-cell RNA-sequencing methods. Nat Methods 11, 41-46 (2014).

170

Chapter 7. Patients with a homozygous deletion in MICU1 present with fatigue and
lethargy in childhood1

This chapter was reproduced in part from: Lewis-Smith, D., Kamer, K.J., Griffin, H., Childs,
A.-M., Pysden, K., Titov, D., Duff, J., Pyle, A., Taylor, R.W., Yu-Wai-Man, P., Ramesh, V.,
Horvath, R., Mootha, V.K. and Chinnery, P.F. Homozygous deletion in MICU1 presentiing
with fatigue and lethargy in childhood. Neurol. Genet. (2016)
1

7.1. Summary
Mitochondrial disorders have diverse clinical presentation and often the genetic basis for
the disorder is not defined. Here, we sought to determine the mechanism responsible for the
fatigue, lethargy and weakness in two cousins who had normal muscle biopsy. We used exome
sequencing, long-range PCR and Sanger sequencing to identify the pathogenic mutation. We
analyzed the exome sequencing depth, which revealed a homozygous deletion of exon 1 of
MICU1 within a 2,755-base pair deletion. We followed up the genetics with functional analyses
in patient fibroblasts, including oxygen consumption measurements, Western blotting, and
calcium imaging. No MICU1 protein was detected in the patient fibroblasts, and the fibroblasts
had strikingly impaired mitochondrial calcium uptake that could be rescued through the overexpression of the wild-type allele. Patient fibroblast data were consistent with mitochondrial
matrix calcium overload, as expected for MICU1 loss. We conclude that MICU1 mutations
cause fatigue and lethargy in patients with normal mitochondrial enzyme activities in muscle.
The fluctuating clinical course is likely mediated through the mitochondrial calcium uniporter,
which is regulated by MICU1.

7.2. Introduction
Mitochondrial disorders can present with a multisystem neuromuscular disorder or affect
only one organ system, such as skeletal muscle, where fatigue and subjective muscle
weakness may be the only symptoms. Although molecular genetic testing can reveal the
diagnosis in some patients, clinical evaluation often involves a muscle biopsy, followed by the
biochemical analysis of mitochondrial respiratory chain enzymes. Here we describe two
cousins with normal mitochondrial electron transport chain enzyme activities who had a
homozygous deletion of exon 1 of MICU1 that was detected by analyzing the depth of exome
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sequence coverage. Functional studies revealed a defect of mitochondrial calcium handling,
providing an explanation for their fluctuating clinical course.

7.3. Methods
7.3.1. Patients
A 9-year old girl was referred in 2011 with four years of episodic fatigue and lethargy
causing frequent school absences. The third child of healthy parents, her in utero and
psychomotor development was normal (Figure 7-1). Initially the episodes accompanied minor
viral infections and evolved over hours. She would become pale and sweaty, then lethargic and
sleepy. At times she was unable to stand unaided and became non-communicative and
unrousable. Now she is 13 years of age and the episodes are precipitated by minimal exercise,
such as running down the road. Avoiding physical activity has reduced the frequency of the
“attacks,” but after 100 m of walking she now develops muscle aches that limit her activities and
resolve after 15 minutes of rest. She is in the 2nd percentile for weight and 9th percentile for
height; her muscles are thin but strong between the episodes. There are no neurologic or
ophthalmologic signs. The non-specific episodes were not investigated until her serum creatine
kinase (CK) was measured (497 IU/L between attacks and 2,067 IU/L during attacks). Other
blood tests including lactate, urine organic and amino acids, and acylcarnitines, were normal.
Her cousin described similar episodes on a more complex background. After a normal
pregnancy and birth, delayed development was noted at 6 months when nystagmus and an
abnormal red reflex revealed cataracts. In early childhood he had episodes of clumsiness with
falls associated with intercurrent illness accompanied by headaches and vomiting. Now 12
years of age, he has frequent classical migraines and develops muscle aches after 15 minutes
of light exercise. This is associated with intense lethargy, poor concentration, and occasional
confusion, which resolve spontaneously within hours or days. Decreasing physical activity to a
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Figure 7-1: Pedigree of the family described in the case report
IV:3 is the index case and IV:6 her cousin. DNA was available for family members indicated with
an asterisk (*), allowing the segregation analysis shown in Figure 7-2. The two gray-shaded
individuals have not been assessed in the United Kingdom: one failed to walk and died in
infancy and the other is reported to have muscle problems.

bare minimum has reduced the frequency of the attacks. He is in the 50th percentile for height
and weight and has low-set big ears, a prominent chin, and long thin fingers. He has mild
learning difficulties, pendular nystagmus, bilateral optic atrophy, mild hypotonia, and global
muscle weakness leading to a positive Gower maneuver. Normal blood tests included glucose
and lactate levels between and during the attacks, normal urine organic and amino acids, and
acylcarnitine profile. CK levels >2,000 IU/L have been noted. Electrocardiography (ECG),
echocardiography, and brain MRI were normal. Muscle biopsy revealed rare atrophic fibers,
increased internal nuclei, normal mitochondrial respiratory chain complex activities, normal
mitochondrial DNA (mtDNA) levels, and normal electron microscopy. The karyotype and array
comparative genomic hybridization were normal.
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7.3.2. Molecular genetics
Blood genomic DNA was fragmented from both affected cousins (IV:3 and IV:6), exome
enriched, and sequenced (Illumina TruSeq™ 62 Mb exome capture and HiSeq 2000, 100 bp
paired-end reads). In-house bioinformatic analysis included alignment to UCSC hg19, using
Burrows-Wheeler Aligner (BWA) and Genome Analysis Toolkit (GATK) to detect single
nucleotide variants (SNVs) and small insertion/deletions (Indels) across all samples using
standard filtering parameters according to GATK Best Practice Recommendations.1 We sought
rare, predicted protein-altering, homozygous and compound heterozygous variants that were
shared between the two affected cousins with minor allele frequency (MAF) <0.005 in the ExAC
and NHLBI-ESP6500 databases, MAF <0.02 in the CG69 database and MAF <0.01 in 337
unrelated in-house controls.2-4 Copy number variant analysis was performed using
ExomeDepth.5 Multiple primer pairs were designed to define the deletion breakpoint using longrange PCR (LA-Taq). Sanger sequencing was used to define the breakpoint. Break-point
specific primers were used to track the deletion in the family.

7.3.3. Cellular experiments
Primary skin fibroblasts were derived from both patients (IV:3 and IV:6) and a
heterozygous relative (III:3). Oxygen consumption, extracellular acidification studies, Western
blotting and calcium imaging were performed as described.6-8 Briefly, one million fibroblasts
were permeabilized with digitonin and given a pulse of 35 µM CaCl2 while monitoring extramitochondrial Ca2+ with Calcium-Green-5N.8 Lysates for immunoblots were prepared by lysing
the cells in 1% Triton-X-100, 150 mM NaCl, 25 mM Hepes pH 7.4, and protease and
phosphatase inhibitors (Cell Signaling Technologies).
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7.3.4. Standard protocol approvals, registrations, and patient consents
This study had national ethical review board approval and local institutional approval.
Informed consent was provided by participating families.

7.4. Results
No plausible pathogenic SNVs were identified in the exome sequence (Table 7-1).
Analysis of exome coverage revealed a likely homozygous partial deletion of MICU1 (Figure 72A), which was mapped by long-range PCR (Figure 7-2B,C). Sanger sequencing defined the
breakpoint (Chr 10: 74,385,085-74,387,860, Figure 7-2D) and the size of the deletion (2,775
nucleotide pairs). Breakpoint primers were used to track the MICU1 deletion in family members
(Figure 7-2E), which showed complete segregation with the disorder. Fibroblasts from both
patients respired normally, showing oxygen consumption and extracellular acidification rates
similar to the heterozygous fibroblasts (Figure 7-3A,B). MICU1 protein was not detectable by
immunoblot in the patient fibroblasts, but mitochondrial Ca2+ uniporter (MCU) protein levels were
normal (Figure 7-3C). The cells lacking MICU1 showed impaired mitochondrial calcium uptake,

Table 7-1: Shared single nucleotide variants and short insertion/deletions identified by
exome sequencing the two cousins IV:3 and IV:6

Variant Type Number of Variants
Variants passing QC
193,904
SNVs
173,985
Indels
23,066
Exonic
19,010
Protein Altering
9,981
Rare
711
Homozygous
37
Compound Heterozygous
10
Known Genes
0
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which was rescued by introducing exogenous MICU1 but not a control mitochondrial-targeted
green fluorescent protein (GFP, Figure 7-3D,E).

7.5. Discussion
The homozygous MICU1 deletion is highly likely to be responsible for the disorder
affecting the two cousins because (1) the mutation has not been described before in large
control exome databases; (2) it showed complete segregation with the phenotype in the family;
(3) as predicted, there was no detectable level of MICU1 protein in the patient fibroblasts; and
(4) this caused an anticipated defect of mitochondrial calcium handling, which was rescued by
expressing the wild-type protein.
The calcium uptake rate difference, which is reminiscent of Micu1 knockdown in mouse
liver mitochondria,9 has two possible explanations. MICU1 has been proposed to be an
activator of the uniporter, in which case removing it could result in reduced calcium uptake
rate.7,10 Alternatively, MICU1 has also been proposed to be a gatekeeper of the uniporter that
prevents baseline levels of cytosolic calcium from entering into mitochondria.6-8 In this case, the
observed lower calcium uptake rate may actually represent a secondary consequence of
increased basal matrix calcium in the absence of MICU1, which would reduce the driving force
for calcium uptake. This is consistent with what has previously been reported in skin fibroblasts
from patients lacking MICU1.11 Consistent with the latter model in which cells have higher basal
matrix calcium, the levels of phosphorylation of pyruvate dehydrogenase (PDH) at S293 are
higher in the homozygous fibroblasts (Figure 7-3F,G). The PDH phosphatase (PDP1) is
activated by matrix calcium, leading to dephosphorylated (activated) PDH. Thus, decreased
PDH phosphorylation would be consistent with increased matrix calcium levels. As expected,
both CCCP and oligomycin reduced PDH phosphorylation, whereas serum starvation resulted in
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Figure 7-2: Identification of the deletion
(A) Exome read depth across MICU1 for the two patients (IV:3 = Patient 1, red; IV:6 = Patient 2,
yellow) and a representative control (blue) showing a likely homozygous deletion involving exon
1 in IV:3 and IV:6.
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Figure 7-2 Continued: Identification of the deletion
(B) Long-range PCR primer walking demonstrated the limits of the deletion within the region
identified through analysis of exome sequencing coverage (oligonucleotide primers shown as
red and green bars). PCR amplification using the named primer pairs shows absence of a
product with combination 74,387,000. - = no DNA control, + = healthy control subject. (C) Longrange PCR using the forward primer from pair 74,384,500 and the reverse primer from pair
74,388,250 amplified a ~1-kb fragment from the two affected cousins, which was small enough
for Sanger sequencing. Primers: Fwd TTCCCTTTCTCCTCAGGCAC, Rev
GTCTACCGGATTCAGGCGAT. When compared with control DNA, this equated to a ~2.7-kb
homozygous deletion in the patients. (D) Sanger sequence from the two affected cousins (IV:3
and IV:6) showing the homozygous deletion breakpoint. Primers: Fwd
TTCCCTTTCTCCTCAGGCAC, Rev GTCTACCGGATTCAGGCGAT. (E) Segregation analysis
of the MICU1 deletion. PCR spanning the break point showing the homozygous deletion in the
two affected cousins (IV:3 and IV:6) and a heterozygous deletion in other family members (III:2,
III:3; III:4; III:5 and IV:2). Primers: Fwd CCTGGGCGACAAGTGTAAAA Position Chr
10:74,381,222; Rev CCCAGGCATTTGATCACCAG Position Chr 10:74,390,095. Amplification
of the mutant allele in heterozygous carriers of the MICU1 deletion produced an additional
intermediate band of ~8 kb that is unexplained but did not affect the segregation analysis. Other
symbols refer to the pedigree shown in Figure 7-1. WT = wild type.

increased PDH phosphorylation, showing that the assay could detect both increases and
decreases in PDH phosphorylation.12
Numerous hurdles obscured the diagnosis in this family. For several years the nonspecific clinical course precluded specialist referral. Further investigation followed a detailed
family history and the CK measurement. This combination of fluctuating fatigue, migraine with
obtundation, and a high CK level raised the possibility of a mitochondrial disorder, but
conventional respiratory chain studies were normal. The diagnosis became apparent only by
analyzing the exome sequence read depth. Based on the limited clinical descriptions published
to date, our patients have a similar phenotype to patients with MICU1 substitutions, although
cataracts have not been noted before (Table 7-1 and reference11).
The extreme clinical fluctuation described here is reminiscent of an ion channelopathy.
The likely role of the mitochondrial calcium uniporter7,13 provides an explanation for the
fluctuating clinical course seen in patients with MICU1 deficiency and raises the hypothesis that
calcium channel blockers may alter the disease course.
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Figure 7-3: Loss of MICU1 leads to a deficit in mitochondrial calcium handling without
impairing respiration
(A) Oxygen consumption rates (OCR) and (B) extracellular acidification rates (ECAR) of
MICU1+/- and MICU1-/- fibroblasts were measured by Seahorse XF analysis. Mean values ±
standard error of the mean (SEM, error bars) from three independent experiments are shown
(differences are not statistically significant). (C) Immunoblot of whole cell lysates from MICU1+/and MICU1-/- fibroblasts. (D) Digitonin-permeabilized fibroblasts were given a pulse of 35 µM
CaCl2 while monitoring extra-mitochondrial Ca2+ with Calcium-Green-5N.8 (E) Quantification of
the rate of calcium uptake from calcium uptake traces including those in D (using linear fit from
30 to 40 s). Mean values ± standard deviation (SD, error bars) from three independent
experiments are shown. (F) MICU1+/- (+) and MICU1-/- (-) fibroblasts were exposed to different
conditions (untreated, 500 nM CCCP, 1 µM oligomycin, or serum-starvation) and pyruvate
dehydrogenase (PDH) and phosphorylated PDH (at S293) were measured by immunoblot. (G)
Quantification of three independent experiments including the representative experiment in (F)
are shown. Mean values ± SEM (error bars). MCU = mitochondrial Ca2+ uniporter; SDHB =
succinate dehydrogenase subunit B.
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Chapter 8. Future directions and concluding remarks1

This chapter was reproduced in part from: Kamer, K.J. and Mootha, V.K. The molecular era
of the mitochondrial calcium uniporter. Nat. Rev. Mol. Cell. Biol. (2015)
1

8.1. Future directions
The molecular era of the uniporter is still in its infancy. We have an exciting opportunity
now to link decades of biochemical and physiological studies to their molecular bases. We have
already learned a great deal about the complex: we have identified its protein components and
determined some of their three-dimensional structures, we have explored its physiological
function along with its regulation, and we are just beginning to understand its significance in
organismal physiology. Although there has been remarkable progress in the past eight years,
even some seemingly basic information is still lacking, and there is so much more to learn.
At present, we do not know the stoichiometry or oligomeric state of each component of
the uniporter complex. Some structures have been solved for MCU, including an NMR structure
of the pore-forming region of the C. elegans MCU1 and x-ray structures of the human MCU Nterminal domain.2,3 The C. elegans MCU pore-forming region by itself forms a pentamer;
however in the absence of EMRE this protein forms a closed channel.1 The soluble N-terminal
domain of MCU by itself largely exists as a monomer in solution,2,3 but cross-linking experiments
reveal higher order oligomerization.3 Additionally, the protein crystallizes as a hexamer, with
conserved interaction domains and significant interaction interfaces between the molecules.3,4
Thus, the N-terminal domain may provide important contacts for oligomerization of the fulllength protein. More studies will be needed to understand the oligomeric state of the functional
uniporter channel.
Based on few but high quality electrophysiology studies, we know that the uniporter has
a remarkably high conductance and selectivity for calcium. How does the uniporter overcome
the tradeoff between conductance and selectivity? We have shown that some selectivity at the
whole complex level is afforded by MICU1 with respect to manganese,5 but it is not yet clear if
MICU1 affects the selectivity of the channel by changing the conformational properties of the
pore or if MICU1 affects access to the pore by physical blockade. Structures of the functional
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channel may provide insight into both the calcium transport properties and the signal processing
of the uniporter.
We have only scratched the surface of understanding the MICU1/MICU2 complex, and
more work is needed to understand their mechanism of action, including how they relay
information to the pore. First, we do not know how these proteins interact with the pore complex,
or how this interaction is influenced by calcium. Co-immunoprecipitation experiments suggest
that the interaction of MICU1/MICU2 with the pore complex may be stronger in the absence of
calcium.6,7 Additionally, we know that these proteins undergo a conformational transition upon
calcium binding.8,9 Structural insights may give us insight into mechanism moving forward. While
MICU1 forms a homodimer which trimerizes in the apo form8 (though with only a weak trimer
interface4), we have shown that the addition of MICU2 breaks up the MICU1 homo-oligomeric
complex in favor of the heterodimer.9 Thus, we anticipate that structures of the apo and calciumbound MICU1/MICU2 complex may be more biologically relevant and may shed light on how
they interact with the pore complex. This information will be essential toward a molecular
understanding of how MICU1/MICU2-mediated regulation of the uniporter is accomplished. This
regulation may occur by inducing a conformational change in the pore itself or other regions of
the MCU/MCUb/EMRE complex; alternatively, the regulation may be due to a physical
blockade. Differentiating between these modes of regulation will be important to understand and
eventually manipulate MICU1/MICU2 function.
In addition to regulation of the uniporter complex through MICU1/MICU2, it is possible
that the uniporter may undergo regulation through dynamic stoichiometry changes, which
remains to be investigated further. The composition of the uniporter complex across cell types
and developmental stages could be dynamic, as uniporter activity has previously been shown to
vary across developmental states.10 Quantitative proteomics to identify the components of the
complex has only been carried out so far in HEK-293T cells.11 It is already clear that the relative
expression levels of uniporter components vary depending on tissue type,12,13 and it has been
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shown that the uniporter current also varies between tissues in whole-mitoplast patch clamp
experiments.14 Thus, there is a possibility that there may be other components in the uniporter
complex of other cells or tissue types. In fact, we have hypothesized that MICU3 is likely to be
an important regulator of the uniporter in the central nervous system,12 but this protein has yet to
be investigated. It is conceivable that the ratios of different uniporter components (including
MICU1:MICU2:MICU3 or MCU:MCUb:EMRE or even the presence or absence of MICU’s) may
present a path to tune the uniporter activity with spatial and temporal precision.
The molecular discovery of the uniporter machinery has unveiled noteworthy
evolutionary paradoxes. In a seminal study, Carafoli and Lehninger showed that although
vertebrate mitochondria have uniporter activity, yeast do not.15 This clue was crucial in the
discovery of the uniporter machinery – and in fact, as predicted, yeast do not have MCU or
MICU1 homologs.16 However, the same paper showed that Neurospora crassa also do not have
classical uniporter activity, although we now find that this organism has an MCU homolog.15
What is the function of the N. crassa MCU homolog? Does it conduct calcium, with perhaps
different kinetic or pharmacological properties? Has it evolved to transport a different ion?
Another paradox involves EMRE: in mammalian cells, it seems that the interaction of MICU1
and MICU2 with MCU is mediated by EMRE.11 However, EMRE seems to have emerged in
metazoa, so how does MICU1 relay regulatory information to the MCU pore in species such as
trypanosomes that lack an EMRE homolog? The evolutionary biology of the uniporter remains a
rich source of information waiting to be tapped.
Phylogenetic analysis indicates that MCU and MICU1 were present in the earliest
mitochondria – but if the uniporter is so evolutionarily ancient, how can its complete loss be
tolerated in whole organisms? We note that there does seem to be a selective advantage for
mice with a functional uniporter as mice lacking uniporter activity altogether do not breed in the
anticipated Mendelian ratios17 and, in addition, zebrafish with mcu knocked down have
developmental defects in gastrulation.18 After birth, however, the main difference reported in
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whole-body Mcu knockout mice is an intolerance to exercise.19 Micu1 knockout mice, on the
other hand, breed in Mendelian ratios but display significant perinatal mortality.20,21 Micu1
knockout mice that survive exhibit some features in common with human MICU1 deficiency,22-24
including ataxia, reduced skeletal muscle strength, and cellular mitochondrial calcium
overload.21 Micu2 knockout mice, on the other hand, breed in Mendelian ratios but exhibit
diastolic dysfunction at baseline and significant mortality from abdominal aortic aneurysm
rupture when hypertension is induced through treatment with Angiotensin II.25 It seems likely
that the presence of a functional, intact uniporter complex confers a fitness advantage that may
be subtle in laboratory studies but is highly selected over evolutionary timescales, consistent
with other proteins involved in bioenergetics such as creatine kinase26 and myoglobin.27

8.2. Concluding remarks
Researchers in the field have long suspected that the mitochondrial calcium uniporter
and its biology would be relevant to human disease. The molecular discovery of the uniporter
now makes it possible to evaluate its causal role in human disease. Already we have seen
several reports of human patients with mutations in MICU1, who present with neuromuscular
disease.22-24 Mouse models of uniporter dysfunction have pointed to the uniporter’s importance
in skeletal muscle,19,21 the heart,25,28-30 and the immune system.21 In the coming years, with
advances in next-generation sequencing, we anticipate that other disorders – both rare and
common – will be linked to the uniporter complex, raising the prospect that targeting the
uniporter may have therapeutic benefit.
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Appendix 1. Supplemental materials for Chapter 2

Figure S1-1: Antibodies for MICU1 and MICU2 do not cross-react
Whole cell lysates from HEK-293T cells stably expressing a control shRNA (shLZ) or shRNA
targeting MICU1 (shMICU1a) or MICU2 (shMICU2a) were immunoblotted with anti-MICU1, antiMICU2 and control anti-ATP5A antibodies.
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Figure S1-2: Analysis of MICU1, MICU2 and MCU in HeLa cells.
(A) Whole cell lysates from HeLa cells stably expressing a control shRNA (shGFP and shLACZ)
or an shRNA targeting MICU1 (shMICU1a and shMICU1b) or MICU2 (shMICU2a and shMICU2b)
were blotted with anti-MICU1, anti-MICU2 and control anti-ATP5A. (B) Blue-native
polyacrylamide gel electrophoresis (BN-PAGE) analysis of mitochondria isolated from HeLa
cells stably expressing shGFP or shMICU1a. Protein was transferred to a membrane and blotted
with anti-MCU and control anti-ATP5A. (C) Western blot analysis of cells stably expressing
shGFP and GFP, shMICU1a (labeled shM-1a) and GFP, shMICU1a and MICU1-V5 or
shMICU1a and MICU2-V5.
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Figure S2-1: Characterization of MICU1 KO and MICU2 KO HEK-293T cells
(A) Immunoblot of whole cell lysates from WT, MICU1 KO, or MICU2 KO HEK-293T cells with or
without stable expression of MICU1-FLAG or MICU2-FLAG, using the antibodies indicated on
the left, including the loading control SDHB. (B–C) Response of digitonin-permeabilized cells to
CaCl2 pulses, with representative traces shown on the left and quantification from linear fits
shown on the right. (B) WT cells with or without 1 µM Ru360, 1 µM CCCP, or 3 µM thapsigargin
are exposed to 40 µM CaCl2 and extramitochondrial Ca2+ is monitored with Oregon GreenBapta6F. (C) MICU1 KO or MICU2 KO cells with or without 1 µM Ru360, 1 µM CCCP, or 3 µM
thapsigargin are exposed to ~1 µM CaCl2 and extramitochondrial Ca2+ is monitored with Fluo-4.
n.s. denotes not significant. (D–E) Representative traces showing the response of WT, MICU1
KO, MICU1 KO + MICU1-FLAG, MICU2 KO, or MICU2 KO + MICU2-FLAG digitoninpermeabilized cells to a (D) small (~1 µM) or (E) large (~40 µM) pulse of Ca2+, monitoring
extramitochondrial Ca2+ with Fluo-4 or Oregon Green-Bapta6F, respectively. Quantification is
included in Figures 3-1B, D, G.
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Figure S2-2: MICU1 KO cells and MICU2 KO cells have intact driving force for
mitochondrial Ca2+ uptake
(A) Mitochondrial inner membrane potential (ΔΨm) is measured with TMRM dye in digitoninpermeabilized cells with or without 2 µM CCCP. Cell lines tested include WT, MICU1 KO, or
MICU2 KO HEK-293T cells with or without stable expression of FLAG-tagged MICU1EFmut or
MICU2EFmut. None of the cell lines tested have significantly different TMRM signals from each
other under normal conditions or with CCCP. (B) ΔΨm is monitored with TMRM (bottom) in
response to a ~20 µM Ca2+ pulse in digitonin-permeabilized WT, MICU1 KO, or MICU2 KO
HEK-293T cells. Initial TMRM signal, valley after stimulation, and ending signal are quantified
(right)—all of which are not statistically different for the KO cells than for WT. Ca2+ clearance
was monitored in parallel wells (top) using Oregon Green-Bapta6F. Representative traces are
shown. (C) Oregon Green-Bapta6F fluorescence was monitored in digitonin-permeabilized cells
before and after treatment with 2 µM CCCP. Cells tested include WT, MICU1 KO and MICU2
KO with or without stable expression of FLAG-tagged MICU1, MICU2, MICU1EFmut or
MICU2EFmut. [Ca2+] was calibrated in the buffer used for one replicate and subsequent
measurements for independent replicates were normalized to WT baseline in the same buffer.
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Figure S2-3: Mutation of the EF hands of MICU1 or MICU2 reduces mitochondrial Ca2+
uptake
(A) Response of digitonin-permeabilized cells to CaCl2 pulses, monitoring extramitochondrial
Ca2+ with Oregon Green-Bapta6F. Representative traces of WT, MICU1 KO, or MICU1 KD cells
with or without expression of MICU1EFmut-FLAG given a large (~40 µM) pulse of Ca2+. (B)
Quantification of the data in (A) including data shown in Figure 3-1D and data for MICU1 KO
cells expressing MICU1EF1mut-FLAG or MICU1EF2mut-FLAG. Data are presented as the rate of
Ca2+ uptake from linear fits between 50–60 s (n≥3). Note that WT cells expressing each EF
hand mutated separately are not shown. (C) Immunoblot of whole cell lysates from cells used in
(A) and (B) for MICU1, MICU2, MCU, and loading controls ATP5a or SDHB. (D) Response of
digitonin-permeabilized cells to CaCl2 pulses, monitoring extramitochondrial Ca2+ with Oregon
Green-Bapta6F. Representative traces of WT or MICU2 KO cells with or without expression of
MICU2EFmut-FLAG, MICU2EF1mut-FLAG, or MICU2EF2mut-FLAG given a ~40 µM pulse of Ca2+. (E)
Quantification of the data in (D) including data from Figure 3-1G and for expression of
MICU2EF1mut-FLAG or MICU2EF2mut-FLAG, showing the rate of Ca2+ uptake from linear fits
between 50−60 s (n≥3). (F) Immunoblot of whole cell lysates from cells used in (D) and (E) for
MICU1, MICU2, MCU, and the loading control SDHB.
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Figure S2-4: MICU2, MICU2
and MICU1-ΔC localize to the IMS in MICU1 KO cells
Localization of MICU2-FLAG, MICU2EFmut-FLAG, and FLAG-MICU1-ΔC expressed in MICU1
KO cells is presented. Isolated mitochondria were exposed to proteinase K (PK) along with
different concentrations of digitonin or Triton-X-100. Proteins with known localization are
immunoblotted (MCU, matrix; SDHA, matrix; TIMM23, intermembrane space) along with FLAG
for the experimental condition (MICU2-FLAG, MICU2EFmut-FLAG, or FLAG-MICU1-ΔC).
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Figure S2-5: Expression of mutant MICU1 in MICU1 KO cells and MCU-MYC Co-IP
(A) Immunoblot of whole cell lysates from WT or MICU1 KO HEK-293T cells stably expressing
FLAG-MICU1EFmut-ΔC or FLAG-MICU1EFmut-ΔN with antibodies against MICU1 or SDHB. (B) cMYC IP of MICU1 KO cells transiently expressing MCU-MYC along with stably expressing
either FLAG-MICU1-ΔN or FLAG-MICU1-ΔC. Lysate and IP elution are immunoblotted for cMYC and FLAG.
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Figure EV1: MICU1 Trp mutant characterization
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Figure S3-1: MICU1 Trp mutant characterization
(A) MICU1ΔC mutants (F223W or F417W) elute at the predicted MW of homodimers by size
exclusion chromatography (SEC), similar to the native MICU1ΔC protein. SEC is shown in
buffer in the absence of added Ca2+ or EGTA. (B) All three proteins express and purify well, with
similar purity by Coomassie-stained SDS-PAGE. (C, D) The relative Trp fluorescence of the
average of three independent replicates (error bars show standard deviation) of MICU1ΔCEFmutF223W (C) or MICU1ΔC-EFmutF417W (D) after addition of 1 mM EGTA and 5 mM CaCl2
reveals that the fluorescence does not change in a Ca2+-dependent manner.
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Figure EV2: MICU2 and Trp mutant characterization
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Figure S3-2: MICU2 and Trp mutant characterization
(A) SEC-MALS experiment shows that native MICU2 runs as a dimer in the presence of Ca2+.
(B) MICU2ΔC mutants (L200W or F371W) elute at the predicted MW of homodimers by size
exclusion chromatography, similar to the native MICU2ΔC protein. (C) These mutant proteins
express and purify well, as assessed by Coomassie-stained SDS-PAGE. (D, E) The relative
Trp fluorescence of the average of three independent replicates (error bars show standard
deviation) of MICU2ΔC-EFmutL200W (D) or MICU2ΔC-EFmutF371W (E) after addition of 1 mM
EGTA and 5 mM CaCl2 reveals that the fluorescence does not change in a Ca2+-dependent
manner.
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Figure EV3: MICU1 and MICU2 SEC profiles suggest they interact as a heterodimers, but closer interaction
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Figure S3-3: MICU1 and MICU2 SEC profiles suggest they interact as a heterodimers,
with stronger interaction in Ca2+
(A, B) Size exclusion chromatography (SEC) elution profiles monitored using absorbance at 280
nm, in buffer containing 5 mM CaCl2 (A) or 2 mM EGTA (B). Fractions were taken from the
SEC peak, ran on SDS-PAGE, and Coomassie-stained (below the respective SEC trace).
Quantification of the Coomassie-stained bands was performed using ImageJ.
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Figure EV4: Immunoblot shows expression of exogenous alleles for KO rescue experiments
Cell lines used
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Figure S3-4: Immunoblot shows expression of exogenous alleles for KO rescue
experiments
Immunoblot of cell lysates using antibodies against MICU1, MICU2, and LRPPRC shows that
we successfully introduced exogenous MICU1 and/or MICU2 into our KO cell lines.
Figure EV5: Baseline extramitochondrial Ca2+ in the presence of inhibitors
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Figure S3-5: Treatment with uniporter inhibitor abolishes genotype baseline
extramitochondrial calcium differences, while other inhibitors do not affect these
differences
(A, B) Cells were permeabilized with digitonin in a KCl-based solution containing a Ca2+sensitive fluorescent dye. The extra-mitochondrial [Ca2+] was determined after stirring
permeabilized cells for 10 minutes, reaching an approximate steady state baseline
concentration indicated. Data are reported as the mean of three replicates with error bars
indicating standard deviation. Where indicated, 10 µM CGP-37157, the NCLX inhibitor, and 2
µM thapsigargin (Tg) (B) or 1 µM Ru360, the uniporter inhibitor (A) were present in the buffer.
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Table S4-1: Mn2+ toxicity screening of HEK-293T cells using nuclei counting
Values of 50% lethal dose (LD50) for Mn2+ calculated from screens using nuclei counting as a
readout are listed in two different media conditions (containing glucose or galactose) for each
HEK-293T cell genotype—WT, MCU KO, MICU1 KO, MCU KO with MCU-FLAG exogenously
expressed (MCU KO + MCU) or MICU1 KO with MICU1-FLAG exogenously expressed (MICU1
KO + MICU1). The LD50 from a sigmoidal dose-response curve fit with variable slope along with
the standard error of the fit are listed. All are significantly different than respective WT cells (p <
0.05). Graphical representation
Table S1 of the data is presented in Figure 5-1C,D and S4-3.
Manganese LD50 (µM)
Glucose
Galactose
60 ± 2
33 ± 1
70 ± 2
66 ± 3
28 ± 1
10.7 ± 0.6
67 ± 1
50 ± 2
61 ± 2
61 ± 1

HEK-293T cell line
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MCU KO + MCU
MICU1 KO + MICU1
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Figure S4-1: Heavy metal screening of HEK-293T cells in glucose
(A-I). HEK-293T cells (WT, MCU KO, and MICU1 KO) were treated with a range of
concentrations of metals in media containing high glucose. CellTiter-Glo was used to measure
cell viability. The y-axes are normalized to untreated controls (note that due to the log scale the
untreated cells are not shown). Data shown represent the average ± standard error of the mean
of six technical replicates. Note that (I) is plotted again in Figure 5-1A.
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Figure S4-2: Heavy metal screening of HEK-293T cells in galactose
(A-I) HEK-293T cells (WT, MCU KO, and MICU1 KO) were treated with a range of
concentrations of metals in media lacking glucose but containing galactose. CellTiter-Glo was
used to measure cell viability. The y-axes are normalized to untreated controls (note that due to
the log scale the untreated cells are not shown). Data shown represent the average ± standard
error of the mean of six technical replicates. Note that (I) is plotted again in Figure 5-1B.
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Figure S4-3: Mn2+ toxicity differences between genotypes can be rescued by exogenous
expression of the knocked out protein
(A) Immunoblot of whole cell lysates from WT, MCU KO and MCU KO with forced exogenous
expression of MCU with a FLAG tag. (B) Immunoblot of whole cell lysates from WT, MICU1 KO
and MICU1 KO with forced exogenous expression of MICU1 with a FLAG tag. (C and D) Nuclei
counting was used to measure cell viability. HEK-293T cells (WT, MCU KO with forced
exogenous MCU expression, and MICU1 KO with forced exogenous MICU1 expression) were
treated with a range of concentrations of MnCl2 in media with glucose (C) or lacking glucose but
containing galactose (D). The y-axes are normalized to untreated controls (note that due to the
log scale the untreated cells are not shown). Data shown represent the average ± standard
error of the mean of six technical replicates.
Figure S4
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Figure S4-4: Loss of MICU2 does not promote MCU-mediated Mn2+ uptake into
mitochondria in HEK-293T cells
MICU2 KO HEK-293T cells were permeabilized and Calcium Green-5N (CaG5N) was used to
monitor extramitochondrial Mn2+ or Ca2+ levels. Fluorescence was monitored using a
PerkinElmer LS55 fluorimeter. The Ca2+ pulse indicated is 12 µM and the Mn2+ pulse is 3 µM.
Note that the higher affinity of CaG5N for Mn2+ results in most of the signal coming from Mn2+
when both divalent cations are present. Representative traces of three biological replicates are
shown.
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Figure S5
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Figure S4-5: MICU1 KO K562 cells lack MICU1 protein
Immunoblot of WT or MICU1 KO K562 whole cell lysates is shown. MICU1 antibody shows
some nonspecific bands, but the MICU1 band is indicated by the arrow. Immunoblots show
three replicates, which were performed on the same gel, but prepared from independently
prepared cell lysates.
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Figure S4-6: Wild type Mouse kidney or liver mitochondria do not take up Mn2+
(A and B) Isolated mouse liver or kidney mitochondria were assayed in the presence of the
Calcium Green-5N (CaG5N) fluorescent dye and given a pulse of either (A) 12 µM Ca2+ or 3 µM
Mn2+. CaG5N fluorescence is reporting on relative extramitochondrial [Mn2+ or Ca2+]. Where
indicated, 1 µM Ru360 was added to inhibit the uniporter and was present throughout the trace.
(C-H) Mitochondrial membrane potential was monitored with TMRM and the signal is inverted
(such that higher signal corresponds to increased membrane potential). G/M indicates the
addition of 5 mM glutamate and malate to energize the mitochondria. Pulses of Ca2+ or Mn2+
indicated are 100 µM pulses and CCCP indicates the addition of 1 µM CCCP to uncouple
mitochondria. Where indicated, 1 µM Ru360 was present throughout the trace. Traces shown
are representative traces from three biological replicates for each.
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Table S5-1: Patient characteristics of myectomy samples used in bioinformatic screen

Table S5-2: Single myocyte sarcomere transient measurements

Table S5-3: Single myocyte calcium transient measurements
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Table S5-4: Aorta diameter time course after angiotensin II (2.4 mg/kg)

Supplemental Figures
Supplemental Figure S1.

Figure S5-1: Gene trap disruption of Micu2 locus
(A) Schematic showing the mouse Micu2 genomic locus, highlighting where the gene trapping
vector
inserted.
The gene
vector
(VICTR
has a β-Geo
selection
marker,Micu2
along with a
Geneis trap
disruption
oftrap
Micu2
locus.
(A) 37)
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splice acceptor (SA) and transcription termination sequence (pA) and is flanked by retroviral
genomic
locus,
highlighting
the gene
trapping
vector
is inserted.
gene
long
terminal
repeat
sequences.where
The genomic
DNA
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surrounding
theThe
gene
trap trap
vector
insertion
site is shown.
The
site is indicated
a red
asterisk.
(B)acceptor
Micu2+/-(SA)
mice and
had
vector (VICTR
37) has
a insertion
β-Geo selection
marker,with
along
with
a splice
a 50% reduction in Micu2 expression across liver, kidney and heart tissues as assessed by
transcription
termination
sequence
(pA) reduced
and is flanked
byMicu2
retroviral
long terminal
repeat
quantitative
PCR.
Micu2-/- mice
had further
levels of
expression.
Error bars
denote standard deviation.

sequences. The genomic DNA sequence surrounding the gene trap vector insertion site
is shown. The insertion site is indicated with a red asterisk. (B) Micu2+/- mice had a 50%
reduction in Micu2 expression across liver, kidney and heart tissues as assessed by
qPCR. Micu2-/- mice had further reduced levels of Micu2 expression. Error bars denote
standard deviation.
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Supplemental Figure S2.

4

Figure S5-2: Gene trap disruption of Micu2 locus results in loss of Micu2 protein
expression
Protein levels of the mitochondrial calcium uniporter complex components MICU2, MICU1 and
MCU were all significantly reduced in Micu2-/- mouse (A) heart (B,C) Aorta and (D) liver tissue.
Error bars denote standard deviation. (C) is a quantification of the immunoblots in (B).
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Supplemental Figure S3.

Figure S5-3: Micu2-/- mouse liver mitochondria take up Ca2+ slower at high [Ca2+] and
faster at low [Ca2+]
-/- Isolated mouse liver mitochondria were given
2+ µM or (B) ~2 µM
(A Micu2
and B).
a pulse
of (A)[Ca
~25
mouse liver mitochondria take up Ca2+ slower
at high
] and faster at
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or (B) standard
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impermeable calciumSupplemental
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GreenS4.
BAPTA6F. (C) Relative rates of calcium
Figure

uptake from experiments such as those in A and B at different injected [Ca2+] in isolated
mouse liver mitochondria (n=3). Error bars denote standard deviation.

Figure S5-4: Micu2-/- mouse blood pressure response to Angiotensin II (Ang2) and
Norepinephrine (Norepi)
Micu2-/- mouse blood pressure response to Angiotensin 2 and Norepinephrin
The average blood pressure
baseline
(Basal)
or with
treatment of Ang2 or Norepi are shown.
Erroratbars
denote
standard
deviation.
Black bars are wild-type mice and red bars are Micu2-/- mice. Error bars denote standard
deviation.
6
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Supplemental Figure S5.
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Supplemental Figure S6.
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fibroblast cells with a distinct minority of endothelial cells. This distribution was likely due
These 11 genes were involved in cellular responses to reactive oxygen species or cellular
to proliferation.
the size of the microfluidic chip. (B and C) For smooth muscle and fibroblast cells,

differences in level of gene expression were assessed with a Wilcox test and
differences in the percent of cells expressing a transcript (defined as >5FPKM) was
assessed with a Fisher test. Conservatively correcting for multiple hypothesis testing, 3
genes were differentially expressed in terms of level of expression (B) and 8 genes
were differentially expressed in terms of percent of cells expression a transcript (C).
These 11 genes were involved in cellular responses to reactive oxygen species or
cellular proliferation.
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