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Plant organelle function must constantly adjust to environmental conditions, which requires dynamic coordination. Ca2*
signaling may play a central role in this process. Free Ca2* dynamics are tightly regulated and differ markedly between the
cytosol, plastid stroma, and mitochondrial matrix. The mechanistic basis of compartment-specific Ca2* dynamics is poorly
understood. Here, we studied the function of At-MICU, an EF-hand protein of Arabidopsis thaliana with homology to
constituents of the mitochondrial Ca2* uniporter machinery in mammals. MICU binds Ca2* and localizes to the mitochondria
in Arabidopsis. In vivo imaging of roots expressing a genetically encoded Ca?* sensor in the mitochondrial matrix revealed
that lack of MICU increased resting concentrations of free Ca2* in the matrix. Furthermore, Ca2* elevations triggered by auxin
and extracellular ATP occurred more rapidly and reached higher maximal concentrations in the mitochondria of micu
mutants, whereas cytosolic Ca2* signatures remained unchanged. These findings support the idea that a conserved uniporter
system, with composition and regulation distinct from the mammalian machinery, mediates mitochondrial Ca2* uptake in
plants under in vivo conditions. They further suggest that MICU acts as a throttle that controls Ca2+ uptake by moderating
influx, thereby shaping Ca2* signatures in the matrix and preserving mitochondrial homeostasis. Our results open the door to
genetic dissection of mitochondrial Ca2* signaling in plants.

INTRODUCTION Ca?*+ concentrations have been recognized to act in the trans-
duction within the cell of both endogenous and external signals in
order to regulate biotic and abiotic stress responses (Knight et al.,
1991; Kiegle et al., 2000; Whalley et al., 2011), developmental
programs (Foreman et al., 2003; Monshausen et al., 2008),
stomatal dynamics (Gilroy et al., 1991; Allen et al., 2000; Pei et al.,
2000; Kim et al., 2010), protein import into cell compartments
(Chigri et al., 2006), and symbiotic plant-microbe interactions
(Wais et al., 2000; Miller et al., 2013).

Mechanistically, free Ca?* transients in the cellular compart-

For plants to grow, develop, and survive under changeable
conditions, constant sensing of their environment is critical. At the
cellular level, external stimuli have to be perceived and integrated
to trigger both rapid responses and long-term acclimation. Rapid
adjustment is particularly important for the endosymbiotic organ-
elles, i.e., the mitochondria and the chloroplasts, since perturbation
of the finely tuned metabolic, redox, and chemiosmotic processes
can severely affect cellular homeostasis or even trigger programmed

cell death (Kim et al., 2006; Logan, 2007). Dynamic changes in free
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ments are produced by the interplay between influx, buffering
capacity and export from a compartment. While in mammalian
cells, the extracellular space and the endoplasmic reticulum act as
main stores for Ca2+ release into the cytosol and the organelles in
turn, and this situation may be more complex in plants. In the
endoplasmic reticulum lumen of Arabidopsis thaliana, Ca?* in-
creases follow cytosolic transients, albeit with distinct dynamics,
suggesting that the Ca?* contributing to the transients is released
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from another source (Bonza et al., 2013). The vacuole and the
thylakoid lumen have both been implicated as likely intracellular
Ca?* stores in this respect (Rocha and Vothknecht, 2012; Nomura
and Shiina, 2014).

The study of cytosolic Ca?* transients has delivered valuable
insights into signaling and regulation, but the complex makeup of
the plant cell, with numerous subcellular compartments, is cur-
rently only loosely integrated into this picture. However, precise
spatial organization is central if Ca2* transients are to act as
specific signals. Like mammals (Kirichok et al., 2004; Santo-
Domingo and Demaurex, 2010), plants contain a mitochondrial
uptake system for Ca2*, which has been investigated extensively
by biochemical methods for half a century (Hanson et al., 1965;
Dieter and Marmé, 1980; Akerman and Moore, 1983; Zottini and
Zannoni, 1993). However, conflicting observations in vitro on the
Ca?* uptake of isolated mitochondria from different plant species
and distinct characteristics from those of mammalian mitochondria
have led to a long-standing debate about the dominating influx
mechanism in plants.

Differential Ca®* dynamics between the cytosol and chlor-
oplasts and mitochondria have been observed in vivo using the
aequorin probe and, more recently, sensors of the Cameleon
family (Saiand Johnson, 2002; Logan and Knight, 2003; Loro et al.,
2012, 2013; Mehlmer et al., 2012). Mitochondrial Ca2* transients
coincide with those in the cytosol overall, yet their signature is
typically distinct, suggesting specific modulation. The ability of
Ca?* to enter the mitochondria requires tight regulation due to
the electrical potential AW of about —180 mV across the inner
mitochondrial membrane, which, according to the Nernst equation,
would lead to an accumulation of divalent Ca?* ions in the matrix
by ~108-fold. Thus, even at steady state conditions when cytosolic
Ca?* concentrations are low (~100 to 200 nM; Logan and Knight,
2003; Nomura and Shiina, 2014), equilibration across the inner
mitochondrial membrane would lead to a matrix concentration of
~100 to 200 mM, triggering dysfunction and/or permeability
transition in turn (Arpagaus et al., 2002; Scott and Logan, 2008;
Bernardi and Di Lisa, 2015; Halestrap and Richardson, 2015).

Mitochondria and chloroplasts share a requirement for semi-
autonomous regulation, and a regulatory role of Ca?* is likely
mediated by a variety of Ca?*+ binding proteins and Ca%+-modulated
processes in both organelles. In mammals, mitochondrial Ca®+ can
modulate the activity of different tricarboxylic acid cycle de-
hydrogenases, coupling overall mitochondrial energy output to
demand or trigger apoptosis in extreme cases (Griffiths and Rutter,
2009). In plants, Ca?* binding EF-hand proteins, including a glu-
tamate dehydrogenase, a family of MCF ATP/P; transporters
(APC1-3), and two alternative NAD(P)H dehydrogenases (NDB1
and NDB?2), localize to mitochondria and show Ca2*-dependent
activity (although the latter are regulated by Ca?* from the in-
termembrane space side of the inner mitochondrial membrane;
Moiller et al., 1981; Rasmusson and Mgller, 1991; Turano et al.,
1997; Geisler et al., 2007; Stael et al., 2011; Monné et al., 2015).
Furthermore, the EF-hand protein LETM1 and the calmodulin-like
protein CML30 have recently been found to be localized in
mitochondria, and additional proteins with Ca?* binding motifs
have been detected in proteomic data sets of plant mitochondria
(Chigri et al., 2012; Zhang et al., 2012; Salvato et al., 2014).
Moreover, there is evidence for Ca*+ dependence of mitochondrial
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permeability transition, protein import, and respiration in plants
(Miernyk et al., 1987; Arpagaus et al., 2002; Kuhn et al., 2009;
Manzoor et al., 2012). Nevertheless, it remains unclear if metabolic
flux through pyruvate dehydrogenase and the tricarboxylic acid
cycle can be regulated by Ca2* in vivo (Mgller and Rasmusson,
1998).

The recent identification of several protein families making up
the mitochondrial Ca2* uniporter complex (MCUC) in mammals,
including the pore-forming MCU (MCU and MCUb; Baughman
et al., 2011; De Stefani et al., 2011; Raffaello et al., 2013), and the
regulatory, associated MICUs (MICU1, 2, and 3; Perocchi et al.,
2010; Plovanich et al., 2013), EMRE (Sancak et al., 2013), and
MCUR1/CCDC90A (although potentially not directly; Mallilankaraman
et al., 2012b; Paupe et al., 2015), has spurred intense research across
the biomedical disciplines (Drago et al., 2012; Mallilankaraman et al.,
2012a; Csordas et al., 2013; Hoffman et al., 2013; Marchi et al.,
2013; Pan et al., 2013; Raffaello et al., 2013; Kamer and Mootha,
2014;Kovacs-Bogdanetal.,2014; Loganetal.,2014; Patronetal.,
2014; Wang et al., 2014). While some genes of the complex
components appear not to be present in plants (e.g., MCUb and
EMRE), others have multiple homologs (six for the functional pore-
forming subunit MCU in Arabidopsis [Stael et al., 2012] and maize
[Zea mays; Meng et al., 2015] and two for MCUR1/CCDC90A in
Arabidopsis), suggesting potential functional modification and/or
differentiation. The homologous genes present in plants are good
candidates for an involvement in mitochondrial Ca?* homeostasis,
regulation, and signaling, but experimental evidence is lacking.

In this work, we initiate the genetic and physiological analysis of
mitochondrial Ca?* regulation in plants. We focus on At-MICU, the
only Arabidopsis homolog of the mammalian MICU gene family,
and employ functional imaging to dissect the role of MICU in living
roots. Our observations provide molecular in vivo evidence for the
existence and function of a MCUC in plants. They further suggest
that MICU specifically shapes mitochondrial Ca?* dynamics in
Arabidopsis by negative regulation of matrix influx.

RESULTS

MICU Is Conserved in Plants with a Single Homolog
in Arabidopsis

The discovery of MICU1 in mammals was achieved by a phylo-
genetic approach, making use of the conservation of mitochon-
drial Ca®* uniport in most eukaryotes (Perocchi et al., 2010). We
performed a refined phylogenetic analysis for plants, confirming
that MICU is conserved throughout the plant kingdom (Figure 1A;
Supplemental Data Set 1 and Supplemental File 1), which sug-
gests an important functional role in plants (Stael et al., 2012).
Most plant species included in the analysis contained at least two
MICU homologs. Only one homolog was found in a small number
of specific clades across the phylogeny including the Chlor-
ophytes and the Brassicacea. This indicates that, although
diversification can occur, one MICU locus is sufficient and
Arabidopsis represents this minimal configuration. Further-
more, homologs of the MICU1 isoforms MICU2 and 3 that are
present in vertebrates (Plovanich et al., 2013; Kamer and
Mootha, 2014) could not be found in Arabidopsis. The amino


http://www.plantcell.org/cgi/content/full/tpc.15.00509/DC1

3192 The Plant Cell

Arabidopsis thaliana mf‘l\%g_?)so

Brassicaceae

Capsella rubella
Vitis vinifera B Dicotyledones
Mimulus guttatus B
Vitis vinifera A
Mimulus guttatus A
Oryza sativa B
Sorghum bicolor B
Oryza sativa A Monocotyledones
99 Sorghum bicolor A

Physcomitrella patens B
—T— Physcomitrella patens A | BRepiyiss

0.2

7

100 Volvox carteri
Homo sapiens MICU1

Homo sapiens MICU2 Non-plant
100 Homo sapiens MICU3
B ) 2188 bp
acvcu.-H—EE-T— - —
AMICU
At-MICU.2 R 1 0 | |
EES: .EF1 EFE2
e, _
X ¥z -Z2 XY Z -2 XY 2 -2
DVDNDGLISFKEY DTDNNGEIDKEEF DSNQDGNLSVDEF
C 45C g2+ D transition 1 transition 2
overlay anti-His-tag Ponceau 60 | ®cax pH7.0) M
56 @ Ca?* (pH 7.4) é
1@ ve pHT74) _ o2
& 52 1 =
o & SLi i *
= 48 1 L4
- = ®
44 - 5 ¢
40 o .M FY & sttt

Lot o, .9, ) 36 A
@QQV/’?'/O @0%47/0%’%&00@7@0 001 01 1 10 100 1000
< 2 ¢ free [Ca?*] (uM)

Figure 1. Phylogenetic Properties of MICU in Plants, Gene Model in Arabidopsis, and Ca2* Binding.

(A) Phylogenetic tree of homologs from representative plant species to human MICU proteins. The scale bar represents 20 substitutions per 100 amino
acids. Bootstrap values (on nodes) were calculated using 1000 replicates. The alignments are shown in Supplemental File 1.

(B) Gene model of Arabidopsis MICU variants. MICU. 1 and MICU.2 represent predicted splice forms; AMICU, a variant of MICU. 7 cDNA where nucleotides
coding for 117 N-terminal amino acids were removed to use in recombinant protein expression. Exons and introns are illustrated as boxes and lines,
respectively. Nucleotides encoding predicted Ca2+ binding EF-hand motifs are highlighted in red. All three EF-hands are conserved among plants. EF1 and
EF2 are also conserved in mammalian MICUs, while EF3 is not (Supplemental Figure 1). The amino acid sequences that include all critical charged residues
(red) predict genuine Ca2* binding capability for all three EF-hands.

(C) 45Ca2* overlay assays of recombinantly purified AMICU protein (Supplemental Figure 2) compared with recombinant aequorin (AEQ) and BSA (BSA) as
positive and negative control, respectively. The presence of protein was validated by immunodetection of the His-tags of AMICU and AEQ, and Ponceau S
staining of separate control membranes. 4°Ca?*+ binding was visualized by autoradiography.

(D) Thermostabilization of AMICU through Ca?*. Protein melting points (T,,) were recorded in the presence of Ca?*/EGTA-adjusted free Ca?* at pH 7.0 (black
circles) and 7.4 (blue circles), and Mg?+/EDTA-adjusted free Mg+ concentrations at pH 7.4 (gray diamonds). Concentration ranges of free Ca?* associated
with clear T, transition are indicated. n = 3 (2 for Mg?*); error bars = sp.

acid sequence of Arabidopsis MICU (At-MICU; AT4G32060; EF-hand motifs feature all characteristics required for func-
predicted splicing variant 1: At-MICU.1) showed 45% simi- tionality, including the critical charged residues for Ca2*
larity and 25% identity to its homolog in human. The two Ca?+ binding. A second predicted splicing variant, At-MICU.2, lacks
binding EF hand motifs present in mammalian MICU1 are the C-terminal EF-hand. We sought to exploit this genetic
conserved, while there is an additional third EF-hand predicted situation as atangible modelto dissect the physiological role of
in Arabidopsis (Figure 1B; Supplemental Figure 1). All three MICU in plants.
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MICU Binds Ca2?* in Vitro

To assess if At-MICU is indeed able to bind Ca2+, as predicted by
the presence of the EF-hand motifs, we performed Ca?+ overlay
assays and measured the effect of free Ca?* concentrations on
protein folding stability by ligand-induced thermal stabilization
assays. For that we used a recombinantly expressed and purified
truncated version of At-MICU.1 (AMICU; Figure 1B; Supplemental
Figure 2A). AMICU lacks the first 117 amino acids, thereby elimi-
nating the signal peptide and putative transmembrane/disordered
sequences, and carries an N-terminal His-tag. All predicted EF--
hand motifs remain intact. Using 4°Ca?*+ overlay after gel-based
protein separation (Kato et al., 1998), strong 4°Ca?* signals were
present at the predicted molecular weights of AMICU and aequorin
(positive control), but not BSA (negative control; Figure 1C). Based
on the hypothesis that Ca?+ binding alters the structural stability of
AMICU, we further investigated the affinity range of Ca?* binding by
differential scanning fluorimetry in the presence of increasing free
Ca?* concentrations and physiological buffer pH (Figure 1D) and
observed thermal stabilization with increasing free Ca?* concen-
trations. Two sigmoid transitions, indicating stabilization by Ca?+
binding, could be clearly distinguished. The first occurred between
~200 nM and 5 M and the second between ~25 and 500 uM free
Ca?*. Since it is plausible that more than one binding site con-
tributes to one transition, this points to the presence of at least two
Ca?* binding sites with apparent binding affinities around 1 and
100 wM, respectively. The Mg2+ control showed poor stabilization
only starting above around 100 .M, suggesting that Ca?* binding
is selective. The first Ca?*-induced transition coincides with the
physiological concentration range of intracellular free Ca%* and is
lower than the binding constants estimated for mammalian MICU1
(Wang et al., 2014). While the binding affinities measured must be
considered qualitative estimates, they clearly indicate that AMICU
can bind Ca?* in vitro at physiological concentrations with impact
on the structural properties of the protein.

MICU Is Expressed in Green and Non-Green Tissues and
Localizes to Mitochondria

Public transcriptomic data indicate that MICU is ubiquitously
expressed across Arabidopsis tissues (Zimmermann et al., 2004;
Stael et al., 2012). Expression in root, shoot, floral bud, and pollen
is also supported by two shotgun proteomic screens of whole-
tissue extracts (AtPeptide MS/MS and Pep2Pro MS/MS; Joshi
etal., 2011). Experimental evidence on the subcellular localization
of MICU has been lacking, however. Bioinformatics algorithms
provide ambiguous targeting predictions with an overall priority for
mitochondria or plastids (Joshi et al., 2011; Tanz et al., 2013;
Hooper et al., 2014).

RT-PCR analysis of the full-length MICU.1 transcript in whole-
plant extracts of the accessions Col-0 and Col-3 suggested
transcript levels similar to the ACTIN7 control (Figure 2A). A
predicted splicing variant, MICU.2, could be detected at much
lower levels. This was refined by quantitative RT-PCR for roots and
rosettes separately, showing MICU.1 expression of comparable
magnitude in both green and non-green tissue. The second
splicing variant MICU.2 was present at >100 times lower abun-
dance compared with the main transcript MICU.1 (Figure 2B).
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We detected MICU in the proteome of our mitochondrial
preparations from Arabidopsis (Figure 2C; Supplemental Data Set
2) as one out of 653 identified Arabidopsis proteins at a protein
and peptide false discovery rate of 1%. Of the protein preparation,
80% was annotated as mitochondrial (based on SUBAcon of the
SUBAS3 database; Tanz et al., 2013; Hooper et al., 2014), sug-
gesting reasonable mitochondrial purity. Identified proteins
covered five orders of magnitude in abundance, as estimated by
the iBAQ value, which is based on peptide ion intensity. MICU was
detected with only one unique peptide with an Andromeda score
of 40 (0 to ~500 as typical score range; 11 to 216 for this data set;
good confidence from a score >35), a posterior probability of 0.01,
and abundance ranked at 590st, with a relative protein abundance
of 0.002% among all identified proteins. The low abundance of
MICU identified in the proteomic experiment may explain the
absence of MICU from previous plant mitochondrial proteome
studies and strengthened the hypothesis of MICU as a mito-
chondrial protein. Additional support comes from the presence of
a homolog of MCU (AT1G57610) in our data set (Supplemental
Data Set 2), the pore-forming component of the mitochondrial
Ca2* uniporter in mammals. This is consistent with the recent
detection of an MCU homolog in an extension of the study of the
potato tuber mitochondrial proteome (Salvato et al., 2014; .M.
Moller, personal communication).

For independent validation, we raised a polyclonal antibody
against MICU.1 protein, which we applied to probe for MICU
directly. However, the purified antibody did not label a clear band
at the expected size for MICU.1 (~51 kD, based on cleavage site
prediction at position 41 by TargetP; Emanuelsson et al., 2007) in
whole-cell extracts or isolated mitochondria from Col-0 wild-type
plants, although a 35S overexpressed MICU.1:GFP fusion protein
appeared as a band of the predicted size at ~81 kD in protein
extracts from isolated mitochondria (Supplemental Figures 2B
and 2C). This suggests specific MICU recognition by the antibody,
but with insufficient affinity for detection of endogenous MICU,
even in enriched preparations under the conditions used.

As an orthogonal approach, we analyzed N- and C-terminal
GFP fusions of the full-length coding sequence of MICU.1 under
the control of a 35S promoter by confocal microscopy. Transient
expression of the C-terminal fusion construct MICU. 1:GFP in wild
tobacco (Nicotiana benthamiana) leaf epidermis showed GFP
fluorescence that colocalized with the mitochondrial marker Mi-
toTracker Orange, indicating mitochondrial localization. By con-
trast, the N-terminal fusion construct GFP:MICU.1 displayed
cytosolic and nuclear localization, suggesting that the N terminus,
which is blocked by the N-terminal GFP-fusion, is critical for
mitochondrial targeting (Supplemental Figure 3).

To rule out potential localization artifacts, we generated stable
Arabidopsis transformants using the C-terminal GFP fusion
construct. Three independent lines were assessed in leaf epi-
dermis, hypocotyl, and rhizodermis. GFP signal was consistently
observed in small, round-to-elongated, highly dynamic sub-
cellular structures and colocalized with MitoTracker Orange and/
or tetramethyl rhodamine methyl ester (TMRM) (Figure 2D;
Supplemental Figure 4; Schwarzlénder et al., 2012a), confirming
the transient expression data in wild tobacco. Minor signal in the
GFP channel that was occasionally observed in chloroplast
regions of leaf samples was equally observed in controls,
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Figure 2. Expression and Subcellular Localization of MICU in Arabidopsis.

(A) Splicing variant-specific RT-PCR for MICU. 1 and MICU.2 in extracts of
whole Arabidopsis seedlings (Col-0 and Col-3). ACTIN7 was used as
reference transcript.

(B) gRT-PCR of MICU.1 and MICU.2 in root and shoot tissue and SAND
FAMILIY PROTEIN as a reference. Values are mean from three biological
and three technical replicates; error bars = sp of biological replicates.
(C) Quantitative proteomic assessment of mitochondria isolated from
Arabidopsis seedlings. iBAQ-based protein abundances annotated as

suggesting minor spectroscopic bleed-through of chlorophyll
fluorescence.

When imaging larger mitochondria of the stable 35S:MICU. 1:GFP
lines, it was possible to resolve GFP fluorescence in ring-like
structures. The GFP signal did not strictly colocalize with the
MitoTracker signal but instead appeared consistently broader
(Figure 3A). Since resolution of subcompartments in individual
mitochondria is close to the resolution limit of classical light mi-
croscopy, we determined and merged the pixel intensity dis-
tributions of multiple mitochondria to improve signal-to-noise
statistics (Figure 3B) (Elgass et al., 2009). The highest GFP in-
tensity pixels surrounded the MitoTracker signal maximum,
suggesting that MICU was localized in a different mitochondrial
subcompartment to MitoTracker. Using GFP targeted to the
matrix (mito-GFP; Loganand Leaver, 2000) as acontrol showed an
intensity distribution that resembled that of MitoTracker, ruling out
chromatic aberration effects, while the outer mitochondrial
membrane (labeled with NETWORK1/ELM1-GFP; Logan et al.,
2003; Arimura et al., 2008) showed two pronounced intensity
maxima, with the MitoTracker maximum in between. Both in-
tensity distributions differed from that of MICU.1:GFP, indicating
that the protein localizes to a mitochondrial subcompartment
other than the matrix and the outer mitochondrial membrane. This
points to presence of At-MICU at/in the inner mitochondrial
membrane (IMM) and/or in the intermembrane space (IMS; Figure
3C), which is in agreement with a majority of MICU localization
studies in mammalian systems.

Two T-DNA Insertion Lines Lack MICU Expression

Based on the EF-hand motifs, the ability to bind Ca?*, the ho-
mology to mammalian MICU proteins, and the mitochondrial
localization, we hypothesized that At-MICU is involved in
mitochondrial Ca®* dynamics in planta and chose a reverse ge-
netic approach to test this hypothesis. Two independent Arabi-
dopsis lines with T-DNA insertions in either the sixth (micu-1) orthe
first (micu-2) exon of the MICU locus were chosen (Figure 4A), and
the precise positions of the respective insertion sites were de-
termined by sequencing. The T-DNA cassette was integrated
1936 or 70 bp downstream of the MICU start codon in micu-1 or
micu-2, respectively. Homozygous lines were selected and vali-
dated using PCR-based genotyping (Figure 4B). Transcript
analysis by quantitative as well as standard RT-PCR showed
a complete loss of MICU transcript (both splicing variants) in both
insertion lines compared with their corresponding wild-type
controls (Col-0 for micu-1 and Col-3 for micu-2; Figures 4C and

mitochondrial (purple colors) and non-mitochondrial (green; Supplemental
Data Set 2) are shown. In addition, the four most abundant proteins de-
tected (all annotated mitochondrial; different shades of purple) and MICU
are indicated with their respective abundances. ACC1, ATP/ADP carrier 1;
FDH, formate dehydrogenase; CYSC1, cysteine synthase C1; SHMT,
serine hydroxymethyl transferase 1.

(D) Representative image of an Arabidopsis seedling stably expressing
MICU.1:GFP. Leaf was stained with MitoTracker Orange, and the epi-
dermis was imaged by confocal laser scanning microscopy. The lower right
image represents a magnified view of the region in the square. GFP, green;
MitoTracker, magenta. Bar =5 pm.
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Figure 3. Fine Localization of MICU in Arabidopsis Mitochondria.

(A) Confocal laser scanning microscopy images of Arabidopsis seedlings expressing MICU.1:GFP and stained with MitoTracker Orange. GFP fusions of the
Nicotiana plumbaginifolia 3-ATPase mitochondrial presequence (mito:GFP) and NETWORK1/ELM1 (NMT1) were used as markers for the mitochondrial
matrix and outer mitochondrial membrane (OMM), respectively. GFP, green; MitoTracker, magenta. Bar = 1 um.

(B) Pixel intensities in the GFP and MitoTracker channels plotted across individual mitochondria. n = 9; error bars = sb.

(C) Schematic representation of intensity distributions as predicted for different mitochondrial subcompartments due to the limit of resolution for con-
ventional light microscopy (Abbe limit).
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Figure 4. Molecular Characterization of T-DNA Insertions in the MICU
Locus.

(A) Triangles and corresponding nucleotide positions indicate T-DNA in-
sertions in the MICU gene model for the micu-1 and micu-2 lines. Se-
quences on gray background show the precise insertion sites determined
by sequencing. T-DNA in lowercase, endogenous sequence in bold
capitals, and additional base pairs in underlined capitals.

(B) Genotyping of the T-DNA insertions in both micu lines.

(C) and (D) MICU transcript analysis in both micu lines by standard PCR
using primer pair 1 (P2886/P2893) and ACTIN7 (P364/P436) as reference
gene (C) and by quantitative RT-PCR with primer pairs 2 (P3529/P3530)
and 3 (P3389/P3390) and SAND FAMILIY PROTEIN (P2455/P2456) as
reference (D). Values are mean from three biological and three technical
replicates; error bars = sp of biological replicates.

4D). This provided the basis for a genetic dissection of MICU
function in vivo.

Generation of Sensor Lines for in Vivo Measurements of
Matrix Ca2* Dynamics

To obtain a specific measure of free Ca2* concentration in the
mitochondrial matrix in planta, we used the genetically encoded
sensor Yellow Cameleon 3.6 (YC3.6; Nagai et al., 2004; Palmer
and Tsien, 2006; Krebs et al., 2012), which was recently adapted
for dynamic measurement of Ca?+ dynamics in the mitochondrial
matrix of Arabidopsis (Loro et al., 2012; Loro and Costa, 2013;
Wagpner et al., 2015). Reversible Ca?*+ binding by the sensor in-
duces a conformational change that can be detected by a change
in the Forster resonance energy transfer (FRET) efficiency be-
tween the two fluorophores that are part of the probe (ECFP and
cpVenus) such that the FRET ratio (cpVenus:ECFP) increases with
increasing free Ca2+ concentration, thereby providing a quanti-
tative readout. The sensor construct for mitochondrial targeting
was transformed into homozygous micu-1 and micu-2 and at least
five positive independent T1 individuals were selected by sensor
fluorescence for each. Suitable fluorescence intensity (i.e., ex-
pression levels) as well as correct mitochondrial localization of the
sensor, by colocalization with MitoTracker Orange, were con-
firmed by confocal laser scanning microscopy (Figure 5A). For all
measurements, homozygous T3 or T4 seedlings of at least two
independent lines were used for both micu-1 and micu-2. This

provided a robust system to assess the impact that lack of MICU
has on mitochondrial Ca2*+ dynamics in vivo.

Resting Levels of Free Ca2* in the Mitochondrial Matrix Are
Strongly Increased in micu Roots

Forin vivo imaging of free Ca2*, we focused on roots, where we have
experimentally demonstrated MICU expression (Figure 2B). Root
tissue offers favorable properties forin vivoimaging, including strong
sensor signal, the opportunity to record data in a submerged state
that is not dissimilar from the physiological state on culture plates, no
risk of interference from chlorophyll autofluorescence, and estab-
lished treatment procedures to induce mitochondrial Ca2* transients
(Loro et al., 2012; Loro and Costa, 2013; Wagner et al., 2015). We
analyzed the confocal data sets in a ratiometric manner, generating
pseudo-color images to represent the FRET ratios across the root
tip. This indicated that ratio values for the micu lines were increased
compared with the control, suggesting an elevated free Ca?* con-
centration in the matrix (Figure 5B). The increase was similar in both
micu lines and very consistent between experiments (and research
labs). Nevertheless, the ratio images suggested substantial steady
state heterogeneity in matrix calcium between the different tissue
types in the root tip. Values in the root cap were consistently lower
than those around the meristematic zone, with a decrease toward
the elongation zone (Figure 5B). To account for this baseline het-
erogeneity and to assess quantitatively where the apparent FRET
ratio changes were most pronounced in the micu lines, we sys-
tematically subdivided the ratio images into 12 equal sections
starting from the tip (Figures 5B and 5C). While the sections in the cap
area and the start of the elongation zone only showed minor dif-
ferences between the lines, they were most pronounced and highly
significant in the upper meristematic zone. To minimize the impact of
tissue heterogeneity, we focused on a region of interest (ROI) in this
area for the subsequent assessment of Ca?* dynamics (Figure 5C).
Semiquantitative assessment of intact root tips with the cationic
lipophilic red fluorescent probe TMRM did not show any significant
differences between the lines in the ROI (Supplemental Figure 5).
TMRM reversibly accumulates in the mitochondrial matrix in re-
sponse to the electrical potential AV across the inner membrane.
Due to the Nernstian response characteristics of TMRM, even small
changes in AV lead to pronounced changes in probe fluorescence
(Schwarzlander et al., 2012a), suggesting that changes in AV were
unlikely to account for the observed elevation in free matrix Ca2*.
Increased FRET ratios of the Cameleon sensor suggest that matrix
Ca?+ activity is constitutively elevated in root tissues of the micu lines
and that MICU plays a role in maintaining matrix Ca2* levels at low
concentrations in vivo.

Mitochondrial Ca2* Transients Occur Faster and Are Shifted
toward Higher Maxima in micu Roots

Toinvestigate if MICU is also involved in active Ca*+ dynamics, we
next analyzed matrix Ca2*transients in roots. Since the stimulation
of well defined and strictly reproducible Ca2* transients in complex
plant tissue is technically challenging, we employed a custom
perfusion setup for in vivo fluorescence microscopy of Arabidopsis
roots. We applied auxin in the form of 10 wM 1-naphthaleneacetic
acid (NAA), for which we have observed reliable induction of
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Figure 5. Root Ca?*Levelsinthe Mitochondrial Matrix of micu and the Wild
Type in Vivo.

(A) Arabidopsis seedlings stably expressing mitochondrial Yellow Cam-
eleon (4mt-YC3.6) stained with MitoTracker Orange and imaged by con-
focal laser scanning microscopy. cpVenus signal, green; MitoTracker
signal, magenta. Bar = 10 pm.

(B) Representative false-color images illustrate FRET ratios along the root
tip of roots expressing 4mt-YC3.6 in Col-0, micu-1, and micu-2 back-
grounds. Low FRET ratios indicating low Ca2* are shown in blue and high
FRET ratios indicating high Ca?* are shown in red. Bar = 50 um.

(C) Schematic representation of the Arabidopsis root tip depicting 12 sections
along the longitudinal root axis into which the ratioimages were subdivided for
quantitative analysis of FRET ratios. MZ, meristematic zone; EZ, elongation
zone. Resulting FRET ratios for Col-0 (black), micu-1 (purple), and micu-2
(green) backgrounds for each section. n = 20; error bars = sp (for each data
pointindicated ingray, light purple, and light green). “P =< 0.05 and ***P = 0.001
(t test). A dotted circle indicates the ROI for the dynamic analyses.

mitochondrial Ca?+ transients. Remarkable reproducibility of the
observed response allowed quantitative analysis of bona fide in vivo
Ca?* dynamics (Figures 6A and 6B; Supplemental Figure 6A and
Supplemental Movie 1). The analysis is based on FRET ratios for
maximal rigor and avoidance of additional assumptions related to
the transformation to absolute free Ca?* concentrations. Never-
theless, meaningful estimation of free Ca* concentrations is pos-
sible (Supplemental Figure 7).

The baseline ratio was stable in all lines, but significantly elevated in
themicu lines (4.76 = 0.37 in Col-0, 5.68 == 0.29in micu-1,and 5.85 *
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0.28 in micu-2; Figures 6A to 6C), confirming the steady state
measurements by confocal imaging (see Figure 5; note that only
relative, not absolute, FRET ratios can be compared between the two
imaging techniques). NAA application caused an instantaneous in-
creasein FRET ratiosin all lines, reaching arelatively stable plateau for
~300 s followed by recovery to baseline. The pronounced steady
state shift between Col-0 and both micu lines remained significant
throughout the entire transient. This suggests that (1) the maximal free
Ca?*+ concentrations reached in the matrix during the transient are
much higher in the micu background and (2) that the baseline con-
centrations in the micu lines are comparable to those reached in the
wild type upon excitation by the auxin stimulus. Although the tran-
sients of the micu lines appeared slightly different from one another,
with micu-2 reaching a higher plateau than micu-1, this was not
significant at any time point. The shape of the transients was also
consistently altered in both micu lines relative to the wild type. The
initial, linear rate of FRET ratio increase (R? > 0.995) was nearly
doubled (0.011 =0.003s~'inCol-0,0.019 + 0.004 s~ " inmicu-1,and
0.019 = 0.003 s~ in micu-2), suggesting more rapid Ca?* accu-
mulation in the matrix (Figures 6B, 6D, an 6E). The plateau was
reached earlier, demonstrated by shortened times to pass the half-
maximal ratio (ty ., 61.8 = 7.2 sin Col-0,32.1 = 11 sinmicu-1, and
45 = 7.6 s in micu-2) and a higher peak FRET ratio was reached
(5.62 = 0.55 in Col-0, 6.76 = 0.41 in micu-1, and 7.13 = 0.31 in
micu-2), representing higher maximal Ca?* concentrations (Figures
6B and 6F). In contrast, the time to pass the half-maximal ratio on the
recovery was not significantly altered (t, » gown: 688.2 = 70.9sin Col-0,
636.4 = 60.8 sinmicu-1,and682.5 = 70 sin micu-2; Figures 6B and
6G), indicating unchanged kinetics of matrix Ca®* clearance after
the NAA stimulus.

To test if the observed changes in organellar Ca2* kinetics were
specific to NAA or can be generalized, we selected extracellular
ATP (eATP; 0.1 mM) as an independent and well-established
stimulus (Tanaka et al., 2010; Krebs et al., 2012; Loro et al., 2012;
Behera et al., 2013; Choi et al., 2014). Importantly, our meas-
urements in the control demonstrated that eATP triggers mito-
chondrial Ca?* transients with a different signature to that of NAA
(Figure 6H; Supplemental Figure 6B and Supplemental Movie 2).

The resting ratios were very similar to those measured prior to
the NAA time courses, confirming elevated ratios in the micu lines
(4.92 = 0.27 in Col-0, 5.81 = 0.3 in micu-1, and 5.96 = 0.43 in
micu-2; Figures 6B, 6H, and 6l). eATP gave rise to a transient
increase in free Ca2* in all lines, with a clear main maximum, higher
than that of NAA, before declining again (Figure 6H). Similar to
NAA, the shift between Col-0 and both micu lines remained
significant throughout the entire transient, and the shape of the
transients was distinct. The initial, linear rate, which was 3 times
faster for eATP than for NAAin Col-0, was increased even furtherin
the micu lines (0.032 + 0.008 s~ in Col-0, 0.044 = 0.012 s~ ' in
micu-1, and 0.047 + 0.009 s~ in micu-2; Figures 6B, 6J, and 6K).
Consistently, the maximumwas also reached sooner (t; ,,,;40.9 = 7s
in Col-0,29.2 + 5.4 sinmicu-1,and 37.1 * 7 s in micu-2) and higher
peak FRET ratios were reached (6.89 = 0.52 in Col-0, 7.96 * 0.62 in
micu-1, and 8.68 * 0.43 in micu-2; Figures 6B and 6L). In addition,
the recovery was quicker in the micu lines (t;, youn: 527.7 = 92.4 sin
Col-0, 426.7 = 61 s in micu-1, and 407.1 = 20.8 s in micu-2; Figure
6M), suggesting increased clearance rates after the eATP-induced
transient, in contrast with observations for NAA.
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Figure 6. Matrix Ca?* Transients in Root Tips of micu and Wild-Type Seedlings.

(A) Root tips of seedlings expressing 4mt-YC3.6 in control (Col-0) imaged under continuous perfusion and treated with 10 uM NAA for 3 min. FRET ratios of
the ROl optimized in Figure 5C (dotted circles) are plotted over time. Representative ratiometric images are shown for two selected time points with low FRET
ratios, indicating low Ca?*, in blue and high FRET ratios, indicating high Ca2+, in red.

(B) Schematic representation of the extracted kinetic parameters of the sensor response shown in the individual panels. Black bars and letters in pa-
rentheses indicate the individual parameters analyzed in (C) to (G) and (1) to (M). This relationship is furtherillustrated by gray shading between black bars and
by (C) to (G).

(C) Steady state FRET ratios preceding NAA application (averaged over 35-s time window).

(D) FRET ratio increase following NAA application; linear region was selected with R? > 0.995.

(E) Linear rate representing slope of regression of (D).

(F) Peak FRET ratio after NAA application.

(G) Time to pass half-maximal ratio during recovery.

(H) to (M) Analogous measurements as for (A) to (F) of treatments with 0.1 MM ATP instead of NAA. n = 7; error bars = sp (for each data point of the time lapse
curves indicated in gray, light purple, and light green). *P < 0.05, **P = 0.01, and **P = 0.001 (t test).



The consistent behavior of the micu lines upon treatment with
either auxin or eATP suggests that the mechanisms responsible
for the different mitochondrial Ca?* transients measured between
micu lines and Col-0 are independent of stimulus identity. The only
exception is the recovery rate that was unchanged in response to
NAA, but increased in the mutants in response to eATP. It is
possible that the high absolute matrix Ca2+ concentration in the
micu lines in response to eATP (Supplemental Figure 7) may have
additional and potentially independent regulatory impact.

Cytosolic Ca2* Transients Appear Unchanged in micu Roots

Given the pronounced changes in matrix Ca2+ dynamics, we aimed
to explore how those alterations are connected to subcellular Ca2+
dynamics in other compartments. To investigate cytosolic Ca?*
transients in the mutant micu lines, we expressed the Cameleon
sensor YC3.6inthe cytosol (Krebsetal.,2012; Loroetal.,2012)inan
analogous manner to the generation of the mitochondrial sensor
lines, thereby enabling assessment of cytosolic Ca?* dynamics
under identical conditions to those used for mitochondrial Ca®*
measurements (Figures 7A and 7F; Supplemental Figures 6C and
6D and Supplemental Movies 3 and 4).

Under steady state conditions, FRET ratios were consistently
lower in the cytosol compared with the mitochondrial matrix, in-
dicating lower free Ca?* concentrations. Interestingly, the micu
mutants did not differ significantly from the control (Figures 7A, 7B,
7F, and 7G). Similar behavior for control and micu lines was also
found for cytosolic Ca?* dynamics in response to both NAA and
eATP, and there was no significant difference in FRET ratios found at
any time point. NAA induced a much milder transient in the cytosol
than in the mitochondrial matrix that was also distinct in shape,
containing at least two components (Figure 7A). eATP triggered
a cytosolic spike that was shorter lived and lower in amplitude
compared with the mitochondrial matrix. The micu lines showed no
alteration in any of the kinetic parameters that were changed in the
matrix (see Figure 6B; Figures 7C, 7D, and 7H to 7J; Supplemental
Table 1). To make sure that the Cameleon sensor was technically
functional in the cytosol and responses were comparable with those
in the mitochondrial matrix, we triggered a more pronounced Ca2+
transient as a positive control. We used a 20-fold higher concen-
tration of eATP (2 mM) as a stimulus, which, in agreement with
previous observations of dose dependence (Loro et al., 2012, 2013;
Bonza et al., 2013), resulted in a pronounced increase in Ca*
amplitude (Supplemental Figure 6D, inset), adding additional weight
to the validity of the quantitative sensing setup.

Those observations suggest that while MICU shapes Ca%*
dynamics in the mitochondrial matrix, the impact appears to be
mitochondria specific and does not have any major influence on
the shape of cytosolic Ca2* transients in planta.

Impacts on Mitochondrial Ultrastructure and Respiratory
Characteristics in the micu Lines

To investigate if the regulatory impact of MICU on mitochondrial
Ca?* dynamics can be connected to structural properties of
cellular organization, we performed transmission electron microscopy
of root tips. A proportion of the mitochondrial populations observed
showed decreased electron density and disorganization toward the
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center of their matrix. Yet, cristae were still clearly visible toward the
periphery and appeared more tubular compared with the control,
where cristae generally showed typical saccular configuration (Douce,
1985). Mitochondria with such abnormal intemal ultrastructure were
significantly enriched in the elongation zone of the micu lines (33% and
38%) compared with their corresponding controls (13 and 24%;
Figure 8A; Supplemental Figure 8A and Supplemental Table 2). In the
root apex, the number of abnormal mitochondria was generally low,
although micu-2 also contained significantly more translucent mito-
chondria in this area compared with its corresponding wild type
(Supplemental Figure 8B and Supplemental Table 2). No change in
mitochondrial shape or size was evident.

To check if the ultrastructural changes indicated mitochondrial
function being more generally altered in the micu lines, we assessed
respiration of purified, intact mitochondria from whole seedlings.
This allows a detailed appraisal of the mitochondrial respiratory
machinery, at the cost of losing tissue specific effects, by averaging
over large numbers of mitochondria from all tissues. For all prepa-
rations, outer membrane integrity was >90%, as measured by cy-
tochrome c latency. We could not detect significant changes for the
oxygen consumption rates (OCRs) of micu mitochondria in state I-V
(with one exception) and in response to inhibition of KCN-sensitive
transport and alternative oxidase nor for respiratory control and P:O
ratio (Supplemental Figure 9). This indicated that the respiratory
machinery remained functional and efficient in the micu lines.

Yet, we observed atendency of decreased maximal rates (state lll
andV, as induced by carbonyl cyanide m-chlorophenyl hydrazone)
inthe micu mitochondria under succinate respiration (Supplemental
Figure 9B). By contrast, this was not the case under pyruvate/malate
respiration, where this trend appeared even inverted, i.e., increased
maximal rates in micu mitochondria. Since the different substrates
provide electrons to the ubiquinone pool of the electron transport
chain via distinct import and dehydrogenase systems [succinate,
predominantly via succinate dehydrogenase/complex II; pyruvate/
malate, predominantly via NAD(P)H generated by malate
dehydrogenase and the pyruvate dehydrogenase complex,
and, in turn, complex | and the internal alternative NAD(P)H-
dehydrogenases], respiratory capacities may be independently
adjusted, with limitations becoming apparent in oxygen con-
sumption at maximal rates. To test this hypothesis, we assessed
the ratio of OCRs under pyruvate/malate-driven compared with
succinate-driven state lll respiration (Figure 8B). This ratio was
consistently increased in all six micu mitochondrial preparations
compared with their corresponding wild-type mitochondria (1.8 X
for micu-1 versus Col-0; 1.2 X for micu-2 versus Col-3 on average)
but only reached significance for micu-1 versus Col-0.

Alterations in electron flux stoichiometry suggest changes in the
respiratory machinery that are permanent enough to be preservedin
isolated organelles under the in vitro conditions employed. Since
those conditions do not preserve physiological Ca?+ status and
cannot be straightforwardly compared with the in vivo situation, we
also assayed respiration in intact roots. Oxygen consumption rates
were unchanged between the lines under control conditions and
after successive treatment with the cytochrome ¢ oxidase inhibitor
KCN and the alternative oxidase inhibitor propylgallate (Figure 8C).
Those data suggest no overall changes in root respiratory rate and in
the capacities of both terminal oxidases at whole-tissue level. They
do not provide details on the mechanistic organization of respiration
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Figure 7. Cytosolic Ca2+ Transients in Root Tips of micu and Wild-Type Seedlings.

(A) Root tips of seedlings expressing NES-YC3.6 in control (Col-0) imaged under the same continuous perfusion conditions as in Figure 6A. FRET ratios of the ROI
optimized in Figure 5C (dotted circles) are plotted over time. An inset serves to magnify the mild response using a different FRET ratio scale. Representative
ratiometric images are shown for two selected time points with low FRET ratios, indicating low Ca?*, in blue and high FRET ratios, indicating high Ca?*, in red.
(B) Steady state FRET ratios preceding NAA application (averaged over 35-s time window).

(C) Linear rate of FRET ratio increase following NAA application (R? > 0.995).

(D) Peak FRET ratio after NAA application.

(E) Time to pass half-maximal ratio during recovery.

(F) to (J) Analogous measurements as for (A) to (E) of treatments with 0.1 mM ATP instead of NAA. n = 7; error bars = sb (for each data point of the time lapse
curves indicated in gray, light purple, and light green). ns: P > 0.05 and *P = 0.05 (t test).

we compared the micu-1 and micu-2 lines against their specific
wild-type backgrounds for developmental phenotypes. Employ-
ing a stringent and highly reproducible quantitative assessment
regime, we could not observe any consistent differences
throughout the life cycle of soil-grown plants (Figures 8D and 8E;

nor on specific tissue areas or cell types, however, which deserve
detailed investigation in the future.

Absence of MICU Does Not Cause Pronounced

Developmental Alterations of the Whole Plant

To find out if the observed functional and structural phenotypes at
mitochondrial and cellular level carry through to the whole plant,

Supplemental Figures 10A to 10C). Precedence for the impor-
tance of Ca?* regulation, mitochondrial function, and environ-
mental stimuli for root development (Kiegle et al., 2000; Finkemeier
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Figure 8. Root Mitochondrial Ultrastructure, Respiration, and Whole-Plant Development of micu Lines.
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et al.,, 2005; Monshausen et al., 2008; Morgan et al., 2008)
prompted us to also quantify primary root growth performance of
seedlings on media plates under normal growth conditions and
a set of abiotic stress conditions. All stress conditions led to
decreased root growth, yet none triggered any significant change
in growth between micu and the corresponding wild-type plants
within 2 d of stress exposure (Figure 8F; Supplemental Figure
10D). Although our phenotype analysis cannot be comprehensive,
it suggests that absence of MICU has a pronounced impact on
mitochondrial Ca?* and is associated with alterations of the mi-
tochondrial ultrastructure and the respiratory machinery but does
not lead to detectable changes in overall root respiration or visible
alterations of whole plant development.

DISCUSSION

The Physical Basis of Mitochondrial Ca2* Dynamics in Plants

Our study reopens the investigation of mitochondrial Ca2* reg-
ulationin plants. It ties in with a large body of work performed over
thelast decades on various plant species and tissues investigating
the functional properties of Ca?* uptake into the matrix, mostly in
vitro, i.e., in isolated mitochondria (Hanson et al., 1965; Dieter and
Marmé, 1980; Akerman and Moore, 1983; Yamaya et al., 1984;
Zottini and Zannoni, 1993). Convincing evidence has been pro-
vided for two different Ca2* uptake models, either by uniport or by
exchange. Yet, the observation of different uptake characteristics
compared with isolated mammalian mitochondria has led to
aconception that a uniporter system related to that in mammals may
not exist in plants. Indeed, different systems may contribute to
mitochondrial Ca2+ dynamics, but the physical players involved are
still largely unknown. Recently, the glutamate receptor 3.5 (GLR3.5)
was identified as a putative plant mitochondrial cation transporter
(Teardo et al., 2015). However, despite Ca®* being a potential
substrate, no pronounced changes in mitochondrial Ca2+ dynamics
could be detected. This may be explained by the existence
of a sophisticated, multiplayer network for mitochondrial Ca2*

regulation, in which the loss ofindividual components can be, atleast
partially, compensated for. Our finding that loss of MICU indeed
deregulates mitochondrial Ca%+ dynamics in a physiological in vivo
situation (Figures 5 and 6) hence provides strong evidence in favor of
a Ca?* uniporter system related to that in mammals being present
and functional in plants. The pronounced changes observed sug-
gest that the uniport plays a major role in regulating matrix Ca?*
dynamics that cannot be fully compensated for by other channels or
transporters. Our data do not rule out, and indeed support, the
hypothesis that additional systems are operational in parallel.

Arabidopsis as a Model for Functional Analysis of MICU and
the Mitochondrial Ca2* Uniporter Complex in Eukaryotes

The Arabidopsis nuclear genome contains a single homolog of the
mammalian MICU gene family (Figures 1A and 1B), allowing us to
combine the advantage of the minimal genetic complexity of MICU
with a reverse genetics approach in the intact organism using
stable and independent T-DNA insertion lines (Figure 4). In con-
trast, the majority of genetic work to achieve loss of function in
mammalian cells has been based on posttranscriptional knock-
down strategies (Perocchietal.,2010; Csordas et al., 2013; Patron
et al., 2014) with only few studies employing knockout systems
(Kamer and Mootha, 2014; Logan et al., 2014). Arabidopsis offers
a favorable genetic situation to dissect MICU function in con-
junction with substantial phylogenetic distance to the mammalian
models, while the sessile and photoautotrophic lifestyle of plants
places the system in a fundamentally different physiological
context compared with mammalian cells. Use of closely related
models, including mouse and a variety of different human and
other mammalian cell lines, can hamper a clear distinction of
fundamental, conserved players and mechanisms from variation
within the mammalian class, species, or even cell lines. For in-
stance, three MICU isoforms of distinct function operate in
mammalian cells, necessitating a complex working model of MCU
regulation (Plovanich et al., 2013). Yet, the number of MICU ho-
mologs varies in eukaryotes, pointing to a specific situation in
mammals that cannot be straightforwardly generalized to other

Figure 8. (continued).

(A) Mitochondrial ultrastructure in cells of the root elongation zone of Arabidopsis seedlings. Exemplary electron micrographs of micu-1, micu-2, and their
respective wild types (Col-0 and Col-3; see Supplemental Figure 8A for more images) to illustrate the overrepresentation of mitochondria with translucent
matrices in the micu lines. Percentages of mitochondria scored by matrix appearance are shown as a bar graph; =185 mitochondria from three different
seedlings were scored per line. Col-0 (black), micu-1 (purple), Col-3 (gray), and micu-2 (green). The analysis was repeated twice with consistent ob-
servations. *P = 0.01 and **P = 0.001 (x? test; Supplemental Table 2). Bar = 0.5 pm.

(B) OCRs under pyruvate/malate-driven state lll respirations over OCR under succinate-driven state lll respiration of purified mitochondria of micu-1, micu-2,
and their respective wild-type seedlings (Supplemental Figure 9). *P = 0.05 and (ns) P > 0.05 (t test).

(C) Root respiration rates of micu-1, micu-2, and their respective wild-type lines and after addition of KCN (4 mM) and KCN (4 mM) + pGal (propylgallate;
0.2 mM). n = 5; error bars = sp.

(D) Vegetative rosette growth of micu-1, micu-2, and their respective wild types (Col-0 and Col-3) between 7 and 28 d after stratification as measured by total
leaf area. n = 16; error bars = sb.

(E) Distribution of reproductive growth stages over time. n = 16.

(F) Root growth under abiotic stress treatments. Seedlings were grown on vertical 0.5X MS + 1% (w/v) sucrose medium plates for 5 d before being carefully
transferred onto media supplemented with stress-inducing additives or lacking sucrose: NaCl (150 mM), mannitol (300 mM), DTT (1 mM), menadione
(60 wM), antimycin A (20 pM), CdCl, (100 wM), and IAA (indole-3-acetic acid; 1 uM). Primary root growth 2 d after seedling transfer is shown. n = 24 per
genotype and condition; error bars = sp.

None of the pairwise comparisons for (C), (D), and (F) (micu versus the wild type; t test) indicated any significant (P < 0.05) change. All phenotyping
experiments were repeated at least twice with similar results.
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species. The Arabidopsis model provides an important step toward
such an integrated understanding of MCUC across eukaryotes.

Localization of MICU Provides the Basis for Its Function

Subcellular proteomics and GFP fusion assays independently
suggest that At-MICU localizes to the mitochondria in plants, in
agreement with the situation in mammals (Figure 2). Moreover, the
fluorescence distribution of MICU:GFP in Arabidopsis mitochondria
(Figure 3) sheds light on the controversy of IMS versus matrix lo-
calization of MICU (Perocchi et al., 2010; Csordas et al., 2013;
Hoffman et al., 2013; Patron et al., 2014; Pendin et al., 2014). Our
data add weight to the hypothesis that the C terminus of MICU is
localized in the IMS and that MICU is not a matrix protein. A
conclusive verdict would necessitate independent evidence, such
as immunodetection of MICU in subfractionated mitochondria or
immunogold labeling of MICU in conjunction with transmission
electron microscopy, which has been hampered by the lack of
sensitivity of our antibody. Yet, together with the majority of studies
that have presented evidence for IMS localization, it appears jus-
tified to consider MICU as exposed to the IMS in plants. The to-
pology is important since it provides the basis for the physiological
context in which the Ca?* binding and potentially regulatory
EF-hand motifs of MICU operate. Ca2+-dependent regulation of
MICU from the IMS side is consistent with mitochondrial Ca?+
uniport activity being gated by cytosolic Ca?*, which was described
before the physical components of the MCUC were identified
(Moreau et al., 2006). Our in vitro observation that AMICU can bind
Ca?* within the intracellular physiological concentration range
(Figures 1C and 1D), with higher affinity than the mammalian MICU
homologs (Wang et al., 2014), and without the need to pre-
dict microdomains of high local Ca?* concentrations, makes
Ca?+-dependent regulation of MICU a realistic possibility.

Toward an Understanding of Subcellular Ca2* Dynamics

Our assessment of subcellular Ca2*+ dynamics using the geneti-
cally encoded Cameleon sensor YC3.6 provides depth and
specificity to the analysis of intracellular physiology in planta
(Figures 5 to 7). Stimulation of cytosolic Ca2* transients by auxin
has been reported recently (Monshausen et al., 2011), and critical
roles in mediating auxin responses have been suggested for in-
tracellular Ca?+ (Vanneste and Friml, 2013). Therefore, it is in-
teresting to note that the mitochondrial matrix response to NAA
was far more pronounced than that of the cytosol when measured
in the root tip, a hot spot of auxin regulation (Figures 6 and 7). In
addition, both steady state concentrations and responses of
matrix Ca?* appeared strongly tissue type specific. Generally,
side-by-side comparison of cytosol and mitochondria in root tip
cells indicates higher steady state concentrations of free Ca?* in
the matrix compared with the cytosol (Supplemental Figure 7).
This is in agreement with early work based on aequorin and rhod2
measurements in Arabidopsis seedlings and maize suspension-
cultured cells (Subbaiah et al., 1998; Logan and Knight, 2003). By
contrast, higher intracellular Ca%+ concentrations, with less clearly
defined subcellular differences, have been reported from tobacco
suspension cells (Manzoor et al., 2012). Our observations further
refine the understanding of the relationship of Ca?+ dynamics in
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the cytosol and the mitochondrial matrix. Plant mitochondrial Ca2*
dynamics reflect cytosolic transients, yet with different amplitude
and longer recovery time (Figures 6 and 7), which is in agreement
with previous observations (Logan and Knight, 2003; Loro et al.,
2012). This justifies the interpretation that plant mitochondria
rapidly accumulate Ca2+ from the cytosol driven by the membrane
potential AV across the inner membrane, yet in a controlled
manner, since concentrations do notrise to Nernstian equilibrium.
Clearance of matrix Ca?* is slow compared with the cytosol, which
may be explained by the need to export Ca?* against the elec-
trochemical gradient using proton-coupled transport. Hence,
mitochondria maintain a “memory” of cytosolic Ca?* transients
even after a steady state concentration has been reestablished in
the cytosol. The differential responses of the cytosol and the
matrix to auxin and eATP indicate differential translation of the
cytosolic signature at the inner mitochondrial membrane. Am-
plitude, duration, and number of components of the cytosolic
transients appear to modulate the characteristics of matrix
transients. Despite this connection, a nonlinear relationship be-
tween Ca?* dynamics in the cytosol and matrix appears to give rise
to distinct, compartment-specific Ca?* signatures (Figures 6 and
7). Significant integration must occur at the inner mitochondrial
membrane by mechanisms that are currently not understood. Our
data show that MICU plays an important part in the choreography
of matrix signatures without affecting that of cytosolic transients in
any major manner in the analyzed tissues. They further provide
evidence for cell-type-specific differences in the root tip (Figures
5B and 5C), which deserve future investigation.

Absence of MICU Specifically Deregulates Matrix Ca2*
Dynamics in Planta

The role of MCUC components in regulating intracellular Ca?*
levels has been investigated in several studies employing forward
and reverse genetics in mammalian cells (Mallilankaraman et al.,
2012a; Csordas et al., 2013; Pan et al., 2013; Logan et al., 2014;
Patron et al., 2014; Petrungaro et al., 2015). Nevertheless, the
critical step toward the bona fide in vivo situation, i.e., assessing
Ca?+responsesintheintact tissue of amulticellular organism such
as a living, anesthetized mouse (Breckwoldt et al., 2014), has not
been made. Here, we address that shortcoming. We have found
steady state concentrations in the matrix to be strongly increased
and transients to be shifted toward higher Ca?*+ concentrations in
root tips of Arabidopsis seedlings lacking MICU (Figures 5 and 6).
In addition, the stimulus-induced rate of Ca2*+ accumulation in the
matrix is accelerated. Both effects may be interpreted as a result of
decreased Ca?* influx control: If lack of MICU increased Ca?*
leakage via MCUC, driven by the electrical gradient, this would be
expected to cause a shiftin the dynamic equilibrium between Ca?*
influx and export toward an increased steady state concentration
of matrix Ca2*. The same reasoning may apply to the uptake rate
upon onset of a cytosolic Ca2* elevation, leading to accelerated
Ca?+ accumulation in the matrix. This points to a role of MICU in
controlling matrix Ca2+ by constraining the flux through MCUC
driven by the steep negative membrane potential AW. As such, our
data provide strong evidence that the mammalian mitochondrial
Ca?* uniporter system is not only functionally conserved in plants,
but also consists, at least partially, of homologous subunits. The
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changes in matrix Ca2* dynamics indicate that, despite likely
redundancy of the Ca?* regulatory network, the uniporter system
plays a prominent role in shaping Ca?* transients and setting the
Ca?+ concentration in the matrix. However, the question if, and
which of the plant homologs of MCU, the pore-forming protein of
the mammalian MCUC also form a channel that can be regulated
by MICU will have to be addressed in future studies.

Interestingly, no clear changes in Ca* dynamics were de-
tectable in the cytosol of the micu lines in our hands (Figure 7). This
is in contrast with observations in mammalian cells where mito-
chondria have been suggested to buffer cytosolic Ca?+ to shape
transients, and interference with uniporter components, including
MICU1, strongly modify cytosolic patterns (Drago et al., 2012;
Logan et al., 2014). The specific modification of Ca2+ dynamics in
the matrix of Arabidopsis mitochondria further supports the
concept of the mitochondrion as a site of active Ca* signaling,
rather than a passive buffering compartment for Ca?* during
cytosolic transients.

A Working Model of MICU Function

Based on our observations, we propose a speculative working
model for MICU function in Arabidopsis (Figure 9): MICU localizes
tothe mitochondria andis exposed to the IMS (Figures 2C, 2D, and
3). Arelatively low abundance is common for channel proteins and
their regulators. At the IMM, it interacts (stably or transiently) with
the IMM-spanning channel, presumably composed of MCU
proteins. This channel is prone to spontaneous Ca?* influx due to
a steep negative membrane potential AY. MICU acts as a throttle
to prevent this by an unknown mechanism, which may include the
induction of a conformational change at the channel to inhibit Ca2*
flow. Upon a rise in free Ca?* levels of the cytosol/IMS, specific
EF-hands of MICU bind Ca2* (Figures 1C and 1D). This may
partially overcome the inhibitory effect of MICU on the pore by
aconformational change and/or by dissociation (Petrungaro et al.,
2015). In the absence of MICU, the pore lacks stringent sealing,
resulting in steady leakage of Ca?* from the IMS into the matrix.
This leads to an increased steady state concentration in the matrix
(Figures 5 and 6) that cannot be fully compensated for by in-
creased Ca?* buffering or export. Upon arise in the cytosolic/IMS
Ca?+ levels in micu plants (Figure 7), the MCUC is primed for Ca®*
uptake, without the inhibitory effect of MICU, leading to an in-
creased uptake rate and an additive Ca%*+ accumulation on top of
the already elevated steady state concentration (Figure 6).

MICU Provides Functional Regulation to Mitochondrial Ca%*
Uptake That Differs from the Mammalian System

The model outlined in the previous section and in Figure 9 is in
overall agreement with several characteristics that have been
proposed for MCUC regulation in mammalian cells, although it
should be emphasized that no clear consensus on the function of
the mammalian MICU proteins has been reached yet (Kamer et al.,
2014; Kevin Foskett and Madesh, 2014). Taking this shortcoming
into account, the situation in Arabidopsis still differs from that in
mammals in several respects. Those differences may at least
be partially attributed to the presence of one MICU isoform in
Arabidopsis, rather than three in mouse and human (Figure 1A;

Supplemental Figure 1). First, increased steady state levels of Ca?*
that have been observed upon both removal and overexpression of
MICU1 have been interpreted as a “gatekeeping” function of
mammalian MICU (Mallilankaraman et al., 2012a; Csordas et al.,
2013). This inhibitory function that sets a threshold for flux through
the MCU pore has since been refined and is now specifically at-
tributed to the MICU1 paralog MICU2 (Kamer and Mootha, 2014;
Patron et al., 2014). The impact of MICU1 on baseline Ca?* levels
may be due to the fact that MICU1 forms a heterodimer, stabilizing
MICU2 and mediating its interaction with the MCU pore multimer
(Harrington and Murphy, 2015; Petrungaro et al., 2015). Thus, in-
creased matrix Ca?* levels upon loss of MICU in Arabidopsis
(Figures 5 and 6) resemble the functional impact of either MICU1 or
MICU2 removal in mammalian cells. Second, in the absence of
MICU1, but not MICU2, decreased amplitudes of Ca?* transients
have been found in mammalian cells (Kamer and Mootha, 2014;
Patron et al., 2014; Harrington and Murphy, 2015). This points to the
MICU system as a stimulatory regulator of the MCU pore during
Ca?* transients, mediated by MICU1. Yet, no inhibition of the
transient amplitude was observed in the Arabidopsis micu lines
compared with the control (Figure 6). Hence, our data do not justify
the interpretation of an activating, cooperative effect of MICU on
flux during a transient in Arabidopsis, as proposed for MICU1 in
mammals. Instead, they suggest that At-MICU acts as a functional
homolog of mammalian MICUZ2, but not MICU1, despite its higher
sequence homology to MICU1. It needs to be pointed out that
alternative explanations may account for our observation that the
peak Ca?* levels reached during a transient are increased in the
micu lines (Figure 6), which appears in contrast with observations
made in mammalian systems. For instance, acclimation of matrix
Ca?* buffering and/or Ca2*+ export properties in the micu lines by
a yet unknown mechanism remains conceivable.

Given the complex and not yet reliably understood interaction
between MICU1 and 2 in mammals, with opposing functional
effects, itis currently not clear if and how only a single MICU protein
candeliver regulatory sophistication for mitochondrial Ca®+ uptakein
plants. A key question to address will be that of potential interaction
partners of At-MICU, including the nature of the putative regulatory
interaction with the MCU pore. The presence of the two MICU
splicing variants that we found to be highly differentially expressed,
and to contain different numbers of EF-hand motifs (Figures 1B, 2A,
and 2B), may offer intriguing possibilities for fine tuning.

Phenotypes and the Regulatory Impact of MICU in the
Context of the Physiological Network

At the cellular level, a clear phenotype in both mitochondrial Ca2+
physiology (Figures 5 and 6) and mitochondrial ultrastructure
occurred in the root elongation zone of micu mutants (Figure 8A).
The nature of the electron-translucent areas in the matrix of those
abnormal mitochondria is not clear. Ca?+ phosphate deposits as
a result of Ca?+ overload would be expected to give crystalline,
electron-dense areas (Peverly et al., 1974). Instead, the fine fila-
ments within the translucent matrix are reminiscent of mito-
chondrial DNA (Douce, 1985). Increased mitochondrial DNA copy
numbers have been associated with dysfunction-induced mito-
chondrial biogenesis in animals. Tubular, as opposed to saccular
cristae, which are typical for root mitochondria, suggest limited
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Figure 9. Model of the Role of MICU in Arabidopsis.

(A) and (B) The impact of a hypothetical mitochondrial inner membrane that is nonpermeable (A) or fully permeable (B) to Ca?* ions. Lack of permeability
would prevent Ca2+ presence, while full permeability would cause Nernstian accumulation in the matrix driven by the steep electrical gradient of the
mitochondrial membrane potential AW. Control of matrix Ca2* requires an intermediate state between those extremes.

(C) Aselective Ca2* channel, likely to be composed of MCU proteins, provides restricted passage. MICU is localized in the IMS and acts as a throttle for Ca2+
flux by inhibiting the channel. Under steady state conditions, this inhibition allows relatively low Ca?* levels to be maintained in the matrix, despite the
coexistence of the channel and the large membrane potential AW.

(D) and (E) The presence of three EF-hands and modification of protein conformation by Ca?+ binding provides a mechanistic basis for the inhibitory effect of
MICU to be tuned during Ca2* transients (D). In the absence of MICU, its inhibitory effect on the channel is lifted, resulting in elevated steady state levels of
free Ca2+ in the matrix based on an increased influx rate (E).

(F) When Ca?* levels rise in the cytosol and IMS, e.g., by a physiological stimulus, uptake into the matrix can occur at an increased rate and free Ca%*
accumulates at higher levels. The remaining control is likely to be provided by buffering and export systems and the biophysical properties as well as
abundance of the channel itself. Additional channel regulators may also contribute, but no homologs of mammalian candidates exist in Arabidopsis. Our

data support this model both in vitro and in the bona fide in vivo situation of intact Arabidopsis root tissue.

bioenergetic activity, consistent with ongoing synthesis of the
respiratory machinery and/or acclimation to respiratory induction
by constitutive elevation of matrix Ca2* (Manzoor et al., 2012).

In the light of altered Ca?+ dynamics and mitochondrial ultra-
structure and respiratory characteristics in the mutants (Figures 8A
and 8B), the absence of any obvious developmental phenotype at
the whole plant level appears surprising at first glance (Figures 8D
and 8E). Yet, it provides a remarkable parallel to the situation in
mammals: Against all expectations, fully viable and healthy mice
lacking the pore-forming MCU protein could be generated that
showed loss of rapid mitochondrial Ca+ uptake (Pan et al., 2013;
Kwong et al., 2015; Luongo et al., 2015), although this appears to
depend on the configuration of the genetic background (Murphy
etal., 2014). Similarly, human individuals lacking MICU1 protein are
fully viable, despite strong alterations in cytosolic and mitochondrial
Ca?*+ dynamics (Logan et al., 2014). Nevertheless, proximal my-
opathy, learning difficulties, and a progressive extrapyramidal
movement disorder appear to be associated with the mutation.
Yet, our finding that the Arabidopsis micu lines do not show any
obvious change in development appears to match the general
tendency of the absence of a severe developmental phenotype
(Kamer and Mootha, 2015). In all systems, pronounced changes in
intracellular Ca2* physiology and mitochondrial function appear to
not, or only mildly, carry through to the whole organism.

Hot spots of ATP demand in mammals, e.g., the active muscular
and neuronal tissues, strictly depend on energy supply by mito-
chondrial respiration. It is not clear if a comparable situation exists in
plants. Plant cells with high energetic demands and particularly
active Ca?+ dynamics, such as fast-growing root hairs or pollen

tubes (Colago et al., 2012), have been shown to be able to maintain
their function without mitochondrial ATP supply (Rounds et al.,
2010). Instead of being streamlined for maximal efficiency in energy
conversion, plant mitochondria show features, such as alternative
electron transport pathways (Rasmusson et al., 2004), that indicate
key roles in maintaining metabolic and energetic balance. This is
likely an adaptation of plants to their sessile lifestyle in changing
environments and may also underpin the evolution of plant mito-
chondrial Ca?+ regulation, whereby the organelle is constantly fine-
tuning its function to be best tailored to a fluctuating environment.
Our observation that most key parameters of respiration were
unaltered in isolated micu mitochondria (Supplemental Figure 9),
with preliminary evidence that the relative capacities of pyruvate/
malate- and succinate-driven respiration are specifically shifted into
opposite directions (Supplemental Figure 9; Figure 8B), fits such
aconcept of plant mitochondrial regulation. Yet, the potential shift in
respiratory capacities can only be regarded as a first indication and
will require future validation before interpretation with respect to the
relationship between mitochondrial Ca%* and bioenergetics me-
tabolism. This may require orthogonal approaches, such as re-
spiratory protein complex biochemistry, and benefit from tissue- or
even cell-specific bioenergetic assessments to avoid dilution of
localized changes. In particular, respiratory analysis specifically in
the upper meristematic zone of the root tip will be desirable, where
changes in matrix calcium dynamics were prominent in the micu
lines.

Intracellular Ca2* transients can be triggered by several stress
treatments in plants (Knight et al., 1991; Kiegle et al., 2000; Logan
and Knight, 2003; Loro et al., 2012), and recently it was reported
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that, similar to mammalian systems, an increased Ca?+ concen-
tration in the matrix can coincide with stimulated mitochondrial
respiration in plant cells (Manzoor et al., 2012). In addition, stress-
inducible membrane potential pulses in single Arabidopsis mito-
chondria have been associated with mitochondrial Ca2+ dynamics.
Pulsing is conserved in other eukaryotes and leads to respiratory
uncoupling at the level of the individual mitochondrion (Duchen et al.,
1998; Schwarzlander et al., 2012a, 2012b; Hou et al., 2013). Yet, we
could not detect any clear stress-induced root growth phenotype of
the micu lines under standardized culture conditions (Figure 8F),
which may hint to more specific roles of mitochondrial Ca%+ and/or
regulatory backup for plant growth and survival. The absence of
a pronounced developmental phenotype in the micu lines may be
advantageous for further mechanistic dissection of mitochondrial
Ca?*signaling since pleiotropic effects, although impossible to avoid
completely, may be less dominant, allowing a meaningful dissection
of specific and physiological Ca®+-related functions in planta.

In conclusion, we dissected subcellular Ca+ dynamics in plants
genetically. The Arabidopsis micu lines provide a conclusive case
for the genetic modification of organellar Ca?* physiology in vivo
with much potential to facilitate a mechanistic understanding of
how physiology is dynamically orchestrated at a subcellular level
in plants. Our observations demonstrate that MICU regulates
mitochondrial Ca?+ dynamics in planta by restricting influx. Bona
fide in vivo imaging of the free Ca2* concentration in Arabidopsis
roots lacking MICU expression shows Ca?* accumulation in the
mitochondrial matrix under steady state conditions and modified
mitochondrial Ca?* transients, while the cytosolic Ca?* concen-
tration remains unaffected. As such, At-MICU displays functional
parallels to mammalian MICU2, negatively regulating Ca2* uptake.

METHODS

Plant Materials, Transformation, and Culture

The Arabidopsis thaliana micu-1 (SALK_064052; Col-0 background;
Alonso et al., 2003) and micu-2 (SAIL_359_HO07; Col-3 background;
Sessions etal., 2002) lines were obtained from the Nottingham Arabidopsis
Stock Centre and validated by genotyping and sequencing. Arabidopsis
ecotypes Col-0 and Col-3 (segregated out from the T-DNA line) were used
as wild-type lines. To generate the stable sensor and GFP-fusion lines,
Agrobacterium tumefaciens-mediated transformation of Arabidopsis was
performed by floral dip (Clough and Bent, 1998). Primary transformants
were selected by antibiotic resistance and/or fluorescence. Homozygous
lines were selected by segregation analysis using fluorescence as a se-
lection marker. Where not indicated otherwise, surface-sterilized seeds
were grown on vertical culture plates containing half-strength Murashige
and Skoog (MS) agar (Murashige and Skoog, 1962) with 0.1% (w/v) su-
crose, under long-day conditions after stratification at 4°C in the dark. For
mitochondrial isolations, seedlings were cultured in hydroponic pots for
14 d as described before (Sweetlove et al., 2007). For localization studies in
wild tobacco, Agrobacterium suspensions were infiltrated into leaves of
4- to 5-week old Nicotiana benthamiana plants. Transformed plants were
returned to growth chambers for 2 to 4 d before further analysis.

Molecular Biology

A plasmid containing the full-length cDNA for At4g32060 (clone U20031)
was obtained from the ABRC and used as template for PCR using Gateway
attB-flanked primers to enable recombination into vectors pMDC45 and

pMDC83 (Curtis and Grossniklaus, 2003) to generate GFP:MICU.1 and
MICU.1:GFP, respectively. Both constructs were transformed into Agro-
bacterium strain AGL1 by electroporation. The agrobacteria strains for
Arabidopsis transformation with the 4mt-YC3.6 and NES-YC3.6 sensor
constructs were described previously (Loro et al., 2012). Selection of
homozygous individuals of the micu lines was performed by PCR-based
genotyping. Sequencing of the T-DNA insertion sites was performed using
primers LBb1.3 and LB1mod. For expression analysis by RT-PCR, total
RNA was isolated from seedling tissue using the NucleoSpin RNA Il kit
(Macherey-Nagel). RNA was reverse transcribed to cDNA using an M-MLV
reverse transcriptase (Life Technologies) with oligo(dT) or random hexamer
primers and used for standard and quantitative PCR using the primer com-
binations listed in Supplemental Table 3. qRT-PCR was performed on a CFX96
system (Bio-Rad) with PerfeCTa SYBR Green FastMix (Quanta Biosciences).

Phylogenetic Analysis

Protein sequences of representative plant species were retrieved from
http://phytozome.jgi.doe.gov using human MICU1 (UniProt identifier
Q9BPX6) as query sequence. Following manual curation, sequences were
aligned with Muscle (Edgar, 2004) in MEGA 6 (Tamura et al., 2013) with
default parameters (Supplemental File 1) and clustered in an unrooted
maximum likelihood tree using the JTT model (Jones et al., 1992) and
uniform rates among sites (MEGAB). The tree with the highest log likelihood
(-9511.9518) is shown in Figure 1A and Supplemental Figure 1. Bootstrap
values reported on nodes in Figure 1A were derived from 1000 repetitions.

Purification of AMICU

The coding sequence of At-MICU lacking its first 117 amino acids (AMICU)
was PCR amplified from Arabidopsis cDNA with primers AMICU_fw and
AMICU_rev. The PCR product was digested with Nhel/Xhol and cloned into
pET28a (Novagen). Following transformation into Escherichia coli Arcti-
cExpress DE3 (Agilent Technologies) or E. coli Rosetta(DE3), expression of
His:AMICU was induced with 0.5 mM isopropyl-B-thiogalactopyranoside for
16 h at 20°C. Cells were lysed in lysis buffer (25 mM Tris, 150 mM NaCl, and
5% [v/V] glycerol, pH 7.5) supplemented with 0.1 mM DTT. After centrifu-
gation, total soluble proteins were loaded onto a Ni2* chromatography
column (GE Healthcare) and washed with lysis buffer containing 1 M NaCl
and lysis buffer containing 15 mM imidazole before proteins were eluted with
a 100 to 500 mM imidazole gradient (Supplemental Figure 2A).

Ca?* Binding Assays

Ca?+ overlay assays were performed according to Maruyama et al. (1984)
with 3 pg purified AMICU (~46 kD), 2.5 p.g recombinant aequorin (~22 kD),
and 5 ng BSA (~66 kD). Ligand-induced thermal stabilization was mea-
sured using the ThermoFluor assay to analyze the Ca* and Mg?* binding
properties of recombinant AMICU (Matulis et al., 2005). Purified AMICU at
0.7 to 1 uMin 25 mM Tris, 150 mM NaCl, 100 mM imidazole, and 5% (v/v)
glycerol, pH 7.4, or 25 mM Bis-Tris, 150 mM NaCl, 100 mM imidazole, and
5% (v/v) glycerol, pH 7.0, was mixed with 5 pL of 50X SYPRO-Orange dye
(Life Technologies). Free Ca* and Mg?* concentrations were calculated
using Maxchelator software (maxchelator.stanford.edu) and adjusted in the
presence of 0.25 mM EGTA or 0.1 mM EDTA, respectively. Melting curves
were recorded on an Applied Biosystems 7500 RT-PCR cycler with band-
pass TAMRA filter applying a temperature gradient between 15 and 95°C (1°C
min~"). Melting point calculations were done in GraphPad Prism 6.

Antibody Production and Immunoblotting

Purified AMICU was separated by SDS-PAGE and isolated from the gel
before being used to immunize rabbits with poly(A)-poly(U) as adjuvant.
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AMICU was then immobilized on CNBr-activated Sepharose 4B (GE
Healthcare) to affinity purify the AMICU-specific IgG antibody from total
rabbit serum. For immunoblots, proteins were transferred onto poly-
vinylidene fluoride membranes. Blocked membranes were probed over
night at 4°C with AMICU-specific primary antibody at a 1:100 dilution. After
applying a secondary anti-rabbit antibody conjugated to horseradish
peroxidase, chemiluminescent signal was detected using SuperSignal
West Pico Chemiluminescent Substrate (Thermo Scientific).

Mitochondrial Proteomics

Arabidopsis mitochondria were isolated from 2-week-old Col-0 seedlings
(expressing the mitochondrial Ca?* sensor YC3.6) as previously described
(Sweetlove et al., 2007; Schwarzlénder et al., 2011). Mitochondrial protein
(800 .g) was isolated and trypsinated, and 1 pg of peptides was analyzed
using an EASY-nLC 1000 (Thermo Scientific) coupled to a Q Exactive Plus
mass spectrometer (Thermo Scientific) with column and gradient as de-
scribed (Kénig et al., 2014). Mass spectra were acquired in a data-dependent
manner, with an automatic switch between MS and MS/MS scans using atop
12 method. MS spectra were acquired in the Orbitrap analyzer, with a mass
range of 300 to 1750 m/z, at a resolution of 70,000 and a target value of 10®
ions. Peptide fragmentation was performed with the HCD method, and
MS/MS spectra were acquired in the Orbitrap analyzer and a target value of
105 ions at a resolution of 17,500. Raw MS files were processed using
MaxQuant software (version 1.4.1.2; http://www.maxquant.org/) with iBAQ
enabled (Cox and Mann, 2008; Cox et al., 2014). MS/MS spectra were
searched by the Andromeda search engine against the decoy Arabidopsis
TAIR10_pep_20101214 database including 248 common contaminant
proteins. The list of typical contaminants in proteomic sample preparations is
an integral part of the MaxQuant software package (Cox et al., 2009).
Peptides and proteins were identified at a false discovery rate of 1%, with
trypsin specificity and a maximum of two missed cleavages. Carbamido-
methylation of cysteine residues was set as fixed, and oxidation of methi-
onine and acetylation of the N terminus were set as variable modifications.
The iBAQ algorithm was used for ranking of the absolute abundance of
different proteins within a single sample (Schwanh&usser et al., 2009)

Confocal Laser Scanning Microscopy

Confocal imaging was performed using a Zeiss LSM780 confocal mi-
croscope and a X40 (C-Apochromat, 1.20 numerical aperture, water
immersion) or X63 lens (Plan-Apochromat, 1.40 numerical aperture, oil
immersion). For colocalization studies with MitoTracker, plant material was
vacuum-infiltrated for 30 min with 200 nM MitoTracker Orange (Invitrogen).
GFP was excited at 488 nm, and MitoTracker Orange was excited at
543 nm. Fluorescence of GFP and MitoTracker were measured at 495 to
545 nm and 570 to 620 nm, respectively, with the pinhole set to 1 airy unit.
Chlorophyll was recorded at the 633-nm laser excitation line and emission
at 650to 600 nm. Pixel intensities of the GFP and MitoTracker channel were
extracted using Zeiss ZEN software. Ca?* imaging of root tips of intact 7- to
8-d-old seedlings was performed as recently described (Loro and Costa,
2013; Wagner et al., 2015). YC3.6 was excited at 458 nm, and emission of
FRET pair proteins ECFP and cpVenus was collected at 465 to 500 and 525
to 560 nm, respectively. Membrane potential imaging was performed in
living root tissue of 5-d-old seedlings expressing 4mt-YC3.6 in the
presence of 50 nM TMRM as described previously (Schwarzléander et al.,
2012a). TMRM was excited at 543 nm and cpVenus was excited at 514 nm;
emission was collected at 570 to 620 and 525 to 560 nm, respectively.

Time-Lapse Imaging by Fluorescence Microscopy

Seven- to eight-day-old seedlings were carefully placed in a custom
perfusion chamber and stabilized with wet cotton wool to continuously
perfuse the roots with the imaging solution (5 mM KCI, 10 mM MES, and
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10mM CaCl,, pH 5.8, adjusted with Tris; Beheraetal., 2013). The shoot was
not submerged. Since Ca?* transients can be readily triggered by me-
chanical stimuli, seedlings were rested under continuous perfusion for 10
min after mounting and before ratiometric image acquisition, to allow
potential handling-related Ca?* transients to settle. Consecutive acqui-
sition after another 10 min did not show any change in FRET ratio, indicating
that stable Ca?* levels were reached at the time of measurement. For
stimulation, the perfusion medium was supplemented with NAA (10 wM) or
Na,ATP (0.1 mM; for positive control 2 mM) added to the chamber by
perfusion with the same solution. Treatment solution was applied for 3 min
and then washed out. Seedling roots expressing the Cameleon sensor in
the mitochondria or the cytosol (Krebs et al., 2012; Loro et al., 2012) were
imaged using a Nikon Ti-E inverted fluorescence microscope with a CFI
PLAN APO 20 VC dry objective. Excitation light was produced by a Prior
Lumen 200 PRO fluorescent lamp (Prior Scientific) at 440 nm (436/20 nm)
set to 20%. Images were collected with a Hamamatsu Dual CCD Camera
ORCA-D2. For Cameleon analysis, the FRET CFP/YFP optical block
A11400-03 (emission 1 483/32 nm for CFP and emission 2 542/27 nm for
the FRET) with a Hamamatsu dichroic 510 nm mirror was used for the
simultaneous CFP and cpVenus acquisitions. Exposure times were 100 ms
with a 4X4 pixel binning in the case of roots of seedlings expressing the
mitochondrial Cameleon and 100 ms with a2x2 CCD binning in the case of
roots of seedlings expressing the cytosolic Cameleon. Images were ac-
quired every 5 s. Filters and dichroic mirrors were purchased from Chroma
Technology. A Nikon NIS-Element was used as a platform to control mi-
croscope, illuminator, camera, and postacquisition analyses.

Ratiometric Image Data Analysis

Individual ratiometric images and time-lapse imaging data of YC3.6 were
analyzed using a custom MatLab program package (Fricker, 2015). Errors
provided represent sp.

Transmission Electron Microscopy

Images were obtained from 2-week-old seedlings as described previously
(Carraretto et al., 2013).

Respiration Assays

Oxygen consumption of intact Arabidopsis roots and isolated mito-
chondria were measured in Oxytherm Clark-type electrodes (Hansatech).
Whole roots from 16-d-old seedlings were cut below the hypocotyl-root
junction and assayed in 5 mM KCI, 10 mM MES, and 10 mM CaCl,, pH 5.8,
adjusted with Tris. Arabidopsis mitochondria from 2-week-old seedlings
were isolated as described by Sweetlove et al. (2007) and Schwarzlander
et al. (2011). Oxygen consumption and integrity of the outer mitochondrial
membrane were assayed as described before (Sweetlove et al., 2002).

Whole-Plant Phenotyping

Plants were grown under long-day conditions (17°C, 16 h at 65 pmol photons
m~2s~1, 8 h dark) in individual pots randomly distributed among standard
greenhouse flats. Development of the leaf rosette was precisely documented
photographically, and rosette parameters (area, solidity, and length of the
major rosette axis) were analyzed with the Leaf Lab tool (version 1.41). Critical
reproductive growth stages (Supplemental Figure 10C) were documented
afterinflorescence emergence. Surface-sterilized seeds were vertically grown
on half-strength MS medium (Murashige and Skoog, 1962) + 1% (w/v) sucrose +
0.8% (w/v) Phytagel for 5 d under long-day conditions (16 h at 120 pwmol
photons m—2 s~ at 22°C, 8 h dark at 18°C). Seedlings were then transferred
onto half-strength MS medium + 1% (w/v) sucrose + 0.8% (w/v) Phytagel
supplemented with stress-inducing compounds. Root growth and de-
velopment under long-day conditions was documented for 5 d after transfer.
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Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL libraries
under the following accession numbers: MICU, AT4G32060; NMT1/ELM1,
AT5G22350; ACTIN7, AT5G09810; and SAND FAMILY PROTEIN, AT2G28390.
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