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Over the recent years, several proteins that make up the mitochondrial calcium uniporter complex (MCUC) mediating Ca**
uptake into the mitochondrial matrix have been identified in mammals, including the channel- forming protein MCU. Although
six MCU gene homologs are conserved in the model plant Arabidopsis (Arabidopsis thaliana) in which mitochondria can
accumulate Ca®*, a functional character1zat1on of plant MCU homologs has been lacking. Using electrophy51ology, we show
that one isoform, AtMCUl gives rise to a Ca?*-permeable channel activity that can be observed even in the absence of accessory
proteins implicated in the formation of the active mammalian channel. Furthermore, we provide direct evidence that AtMCU1
activity is sensitive to the mitochondrial calcium uniporter inhibitors Ruthenium Red and Gd’*, as well as to the Arabidopsis
protein MICU, a regulatory MCUC component AtMCU1 is prevalently expressed in roots, localizes to mitochondria, and its
absence causes mild changes in Ca®* dynamics as assessed by in vivo measurements in Arabidopsis root tips. Plants either
lacking or overexpressing AtMCU1 display root mitochondria with altered ultrastructure and show shorter primary roots under
restrictive growth conditions. In summary, our work adds evolutionary depth to the investigation of mitochondrial Ca**

transport, mdlcates that AtMCU]1, together with MICU as a regulator, represents a functional configuration of the plant

mitochondrial Ca
intracellular Ca** regulation network in plants.

Plants respond to changes in their environment by
adjusting their metabolism and physiology. The ability
of plants to react with high specificity to a given stim-
ulus is of vital importance. Among the different signal
transduction mechanisms, Ca** plays a prominent role
as a second messenger (Love et al., 2004; McAinsh and
Pittman, 2009; Dodd et al., 2010) In animal cells, tran-
sient accumulation of Ca™ in intracellular organelles
shapes cytosolic Ca** transients (e.g. Rizzuto et al.,
2012), and a similar concept has been suggested for
plants (Nomura and Shiina, 2014).

Free Ca®* concentrations in the cytosol are main-
tained at much lower (~10,000-fold less) levels than in
the extra-cellular space. Steep electrochemical gradi-
ents across the plasma and intracellular membranes
allow the generation of time-resolved Ca** transients
in response to external stimuli and as part of devel-
opmental processes (e.g. pollen and root hair elonga-
tion). Beside the endoplasmlc reticulum that functions
as intracellular Ca®" store in animal cells, plant cells
contain additional intracellular stores such as the
vacuole and the chloroplast thylakoid lumen (e.g.
Stael et al., 2012).

uptake complex with differences to the mammalian MCUC, and identifies a new player of the

In animal cells, mitochondrial Ca** uptake and release
have a fundamental regulatory role in various physio-
logical processes, ranging from controlling insulin se-
cretion to cell death and muscle contraction (De Stefani
et al.,, 2015). Mitochondrial Ca** uptake has been exten-
swely studied, but the molecular identity of the involved
proteins has been elucidated only recently. Five years
ago, the Mootha group and some of us independently
identified a 40-kD protein (Mltochondnal Calcium Uni-
porter [MCU]) that gives rise to Ca’" -permeable channel
activity. The MCU was proposed to be the core compo-
nent of the calcium uniporter of the inner mitochondrial
membrane (Baughman et al., 2011; De Stefani et al., 2011).
MCU showed channel activity in planar lipid bilayers
(De Stefani et al., 2011) with electrophysiological prop-
erties and inhibitor sensitivity of the uniporter (to
Ruthenlum Red [RR] and Gd*), previously identified as
a Ca**-permeable ion channel in patch clamp experi-
ments on mammalian mitoplasts (Kirichok et al., 2004).
Furthermore, siRNA against the MCU protein abolished
the mitochondrial Ca™ current recorded in mitoplasts
(Chaudhuri et al., 2013). MCU does not share amino acid
sequence similarity with known Ca®* channels in plants
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or animals, but its pore region contains several negatlvely
charged amino acids that are crucial for Ca*" transport
(De Stefani et al., 2011). In this region, a highly con-
served Ser residue is involved in binding of the in-
hibitor RR (Baughman et al., 2011). The consensus
view concerning topology of MCU is that both N- and
C-terminal domains face the mitochondrial matrix,
with the two membrane-spanning domains connected
in the intermembrane space by a short pore loop. The
structure of the N-terminal domain has been resolved
first, revealing that the N-terminal domain preceding
the first coiled domain is essential for the modulation
of MCU function: overexpression of MCU lacking
this domain had a dominant-negative effect on mito-
chondrial Ca** uptake (Lee et al., 2015). A more recent
structural study suggests that sumlarly to some other
classical ion channels, pentamerization of the two
transmembrane-helix containing subunits is required for
formation of a functional channel (Oxenoid et al., 2016,
see also “Discussion”). Both primary sequence and the
predicted three-dimensional structure indicate that the
MCU protein forms channels with distinct features from
Ca**-carrying Na*/Ca®" and H*/Ca®" exchangers.
Following the discovery and initial characterization
of MCU and the EF-hand containing regulator Mito-
chondrial Calcium Uptake 1 (MICU1; Perocchi et al.,
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2010), which also has a muscle -specific alternative
splice isoform with higher Ca®* binding affinity than
MICU1 (Vecellio Reane et al., 2016), several additional
proteins forming the mammalian MCU complex
(MCUC) have been identified. These proteins include
Essential MCU Regulator (EMRE; Sancak et al., 2013),
MCU Regulator 1 (MCURI; Mallilankaraman et al,,
2012), and MCUDb (a dominant negative MCU isoform;
Raffaello et al., 2013) as well as MICU2 and 3 (Plovanich
et al., 2013; Patron et al., 2014). All these components
were reported to be essential components and/or reg-
ulators of MCUC (for recent reviews see, e.g. De Stefani
et al., 2015; Foskett and Philipson 2015).

Ca2+ uptake has been studied in isolated plant mito-
chondria for over half a century, providing compre-
hensive evidence for the presence of a functional
transport system (Hanson et al., 1965; Zottini and
Zannoni, 1993; Dieter and Marmé, 1980). However,
several contrasting results remain unresolved, and even
the existence of a RR-sensitive, uniporter-like transport
mechanism has been questioned (see e.g. Carnieri et al.,
1987 versus Akerman and Moore, 1983). Aequorln—
based measurements of free Ca>* in the cytosol and
the mitochondrial matrix of intact Arabidopsis (Arabi-
dopsis thalmna) seedlings revealed slightly higher base-
line Ca®", slower onset, lower amplitude, and longer
recovery "times for mitochondrial matrix transients
triggered by environmental stimuli as compared to
their cytosolic counterparts (Logan and Knight, 2003).
This general pattern was confirmed using Yellow
Cameleon sensors (Loro et al.,, 2012; Wagner et al.,
2015). A molecular basis of the regulation of Ca®" im-
port into plant mitochondria and the formal demon-
stration of the existence of an RR-sensitive pathway has
been lacking, however (Wagner et al., 2016).

Plants possess homologs of the mammalian uniporter
components MCUR1, MICU, and MCU (Wagner et al.,
2016). We recently provided evidence that the only MICU
homolog in Arabidopsis regulates mitochondrial Ca**
dynamics in intact plants (Wagner et al., 2015), but the
identity of the channel remained speculative and direct
evidence for regulation of a channel formed by plant MCU
homologs has been missing. In the Arabidopsis genome,
six genes are present that can be identified as putative
MCU channel proteins, since they are homologs of human
MCU counterparts sharing the transmembrane domains,
the pore-loop domain, and the conserved DVME (Asp-
Val-Met-Glu) signature sequence (Stael et al., 2012). On
the other hand, the overall sequence similarity is relatively
low; thus, functional properties cannot be straightfor-
wardly inferred from data on mammalian MCU. Various
bioinformatic tools (e.g. ChloroP, TargetP, see also Ara-
memnon database) predict five of the six Arabidopsis
MCU isoforms to localize to the mitochondria (Schwacke
et al., 2003; Carraretto et al.,, 2016). MCURI1 has been
controversially discussed as a cytochrome ¢ oxidase as-
sembly factor instead of being an MCUC component in
animals (Paupe et al., 2015; Vais et al., 2015) and, inter-
estingly, one of the two homologs of MCURI in Arabi-
dopsis has been described independently over a decade
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ago as Cox X6, a plant-specific subunit of complex IV
(Millar et al., 2004; Klodmann et al., 2011). Altogether, the
plant homologs of MCU and MICU1 represent good
candidates for an involvement in mitochondrial Ca**
homeostasis, regulation, and signaling.

In this study, we explore the functional properties of
an MCU in plants. We show that MCU1 from Arabi-
dopsis (AtMCU1) forms a functional Ca**-permeable
channel that can be regulated by the Arabidopsis MICU
protein. Based on our characterization at single channel
level, we identify conserved and distinct characteristics
in composition and function of the MCUC in mammals
and Arabidopsis. To gain further insight into the
physiological role of AtMCUT1 in the plant, we assess
Arabidopsis lines lacking or overexpressing AtMCU1.

RESULTS

Phylogenetic Analysis of MCU Homologs in the
Plant Kingdoms

A recent phylogenetic analysis of MCU across the
eukaryotic domain revealed that homologs of MCU are
distributed widely across all major branches of eukaryo-
tic life, present in plants and metazoa, but with ap-
parent loss in certain protozoan and fungal lineages
(Bick et al., 2012; Stael et al., 2012; Meng et al., 2015).
We performed a refined phylogenetic analysis focus-
ing on 36 species from the plant kingdom (Fig. 1A;
Supplemental Fig. S1). This highlights that most species
harbor three or more MCU homologs, except green algae
(Chlamydomonas reinhardtii) and Volvox carteri, with only
one homolog each. The DIME motif found in the pore
region of mammalian MCUs is altered to DVM(E/D) in
almost all plant species examined (Fig. 1B; Supplemental
Fig. S1). Exceptions occur for Physcomitrella patens and
Brachypodium distachyon where the D in individual iso-
forms is replaced by N and S, respectively. Among the
six isoforms of Arabidopsis, At1g09575 (AtMCU1) and
Atl1g57610 (AtMCU2) group together, while the other
four isoforms (AtMCU3-6) belong to a more distant
group. Our phylogenetic analysis did not identify any
homolog of MCUb in plants. MCUDb carries two con-
served exchanges in R and E residues (marked in blue
and red, respectively, in Supplemental Fig. S1) close to
the pore loop and was suggested to form mixed oligo-
mers with MCU resultmg in a channel that does not
permit the passage of Ca®* (Raffaello et al., 2013), acting
as dominant negative subunit. Among the different
species, only C. reinhardtii harbors an MCU variant in
which the positively charged Arg is replaced by a Tyr.

Arabidopsis MCU Homolog AtMCU1 Forms an
Ion Channel

Among the six Arabidopsis isoforms, At1g09575 is
globally expressed across plant tissues and develop-
mental stages according to the Genvestigator database
(Zimmermann et al.,, 2004). Its amino acid sequence
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Figure 1. Evolutionary conservation of the mitochondrial calcium
uniporter in the plant kingdom. A, A phylogenetic tree of proteins from
selected plant species with homology to human MCU and MCUb.
Arabidopsis proteins are represented with their TAIR identifier. Scale bar
corresponds to a distance of 30 changes per 100 amino acid positions.
The tree robustness is expressed in posterior probabilities that are shown
for nodes with values below 0.9. B, Alignment of Arabidopsis and hu-
man MCU orthologs showing the intermembrane space-facing loop
between the transmembrane domains. The DIME motif (purple) is es-
sential for Ca®* transport. Additionally, mammalian MCUD that carries
two conserved exchanges in nearby Arg (blue) and Glu (red) residues
was shown to be able to form a multimeric ion channel that does not
allow passage of Ca**.

shows homology to the mammalian MCU (36.8%
identity and 71.9% similarity in a 114-amino acid
overlap corresponding to amino acid 215-328 of human
MCU). Mammalian MCU has a predicted N-terminal
targeting sequence of 50 amino acids (Supplemental
Table S1). Yet an experimental assessment of the import
mechanism and the cleavage site is pending. Since
AtMCU1 (At1g09575) has the highest mitochondrial
targeting score (Stael et al., 2012; Supplemental Table
S1), we focused our further analyses on this isoform.
Since Arabidopsis mitoplasts (mitochondria without
outer membrane) are not suitable to patch clamp be-
cause of their small size, the protein was expressed in an
in vitro system (Fig. 2A). This system avoids contami-
nation by other, and often more abundant, membrane
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Figure 2. AMCUT1 forms a Ca**-permeable P

channel. A, AtMCUT was expressed A \\:\\\’:" ey
S

in vitro using a Wheat Germ Lysate Kit. N

Empty reaction mix (WGL) and mix 97

following expression of the protein 66 -
(AtMCU1) were separated by SDS-PAGE
and assayed with anti-His tag antibody.
B, Solubilization of in vitro-expressed 30. =
AtMCU1 with 2% (w/v) of each deter-
gent. SDS was used as a positive control.
Following centrifugation, pellets (P)
and supernatants (S) were separated by
SDS-PACE; anti-His tag antibody was
used to detect AtMCU1. Nondenaturant
B-DDM was selected for protein treat-
ment. C, Representative current trace D
recorded in planar lipid bilayer at =100 mV
(cis side) in the indicated solutions using
recombinant mammalian MCU (obtained

c anti-His tag

MCU

-100 mV

AtMCU1 .—* ;-. g;

Mammalian

P S P S

Triton sSDS CHAPS

p-DDM

AtMCU1

as described in Raffaello et al., 2013). D,
Representative current traces recorded in
planar lipid bilayer using AtMCU1, at
the indicated voltages (cis side) in the in-
dicated solutions. Closed (c) and open
(0) states are indicated. Right, amplitude
histograms obtained from 60-s traces
from another experiment in 100 mm
Ca-gluconate, illustrating that the chan-

200 ms

-100 mV

Ca-chloride (100 mM) 1000

13 1z ] 10 - -
Current (pA)

03 02 o1 ¢

nel is more active at increasing negative
voltage, similarly to mammalian MCU. E,
Current recorded from another experi-
ment in 100 mm Ca-gluconate solution in
the absence (control) and presence of
10 um RR, respectively. RR, a classical E
inhibitor of mitochondrial Ca®* uniport
activity, completely abolished channel
activity (see respective amplitude histo-
grams below). Similar activity under the
same conditions was observed in 11 ad-
ditional independent experiments, and
inhibition by RR and Gd** (Supplemental -
Fig. S2B) was assessed four times each.

Ca-gluconate (100 mM)

control

11 10
Current (phA)

+ Ruthenium Red

Humber of events.

proteins that might also be able to form channels and
has been instrumental in several recent studies (e.g. C.J.
Braun et al., 2014; Deniaud et al., 2010; Herdean et al.,
2016). To optimize protein solubilization conditions, six
different detergents were empirically tested. Dodecyl-
maltoside (8-DDM) proved to be the most suitable
detergent and was favored over SDS due to its weak-
denaturing properties (Fig. 2B).

Next, the electrophysiological characteristics of
the in vitro-expressed protein were studied in a planar
lipid bilayer system. Because of the low conductance
of the channel, physiological concentration of Ca**
(in the sub-um range) could not be used to reveal
single channel characteristics, which is similar to
studies with mammalian MCU. Thus, we performed

1358

Cutrent (pA)

electrophysmloglcal experlments in a medium con-
taining 100 mm Ca”* as the only cation (see also e.g.
Kirichok et al., 2004). When using recombinant mam-
malian MCU, we observed the characteristic MCU ac-
tivity (Fig. 2C). Under the same conditions, using
AtMCUT, a current carried by Ca®* was observed with
a channel activity of very small conductance (5.4 *
0.6 pS; mean * sp; nn = 11; Fig. 2, D and E) as determined
from the current-voltage relationship (Supplemental
Fig. S2A). The conductance and kinetic behavior re-
semble those observed with the mammalian MCU
recorded under the same condition (Fig. 2C; Raffaello
et al, 2013). Activity was observed with the same
characteristics in CaCl, (Fig. 2D, upper current trace)
and in Ca-gluconate (Fig. 2D, lower two traces),
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indicating that the ionic current was carried by Ca®".
The channel was more active at increasing, highly
negative potentials as illustrated by the current
traces recorded in an experiment at various applied
transmembrane potentials (Fig. 2D, bottom) and
amplitude histograms from another experiment (Fig.
2D, right). The channel was selective for Ca** over
Cl displaying a permeability ratio of P:P-, = 0.1 *
0.07:1.0 (% indicates sp, n = 3), as determined from
the reversal potential under asymmetric ionic con-
ditions (300 mm/100 mm CaCl,; Supplemental Fig.
S2A) and calculated according to the Goldman-
Hodgkin-Katz equation (Hille, 1978). Importantly,
and in accordance with the presence of a conserved
Ser residue in the pore loop (Baughman et al., 2011),
channel activity was blocked by RR, a well-characterized

A control

oo open closed closed

R EN

2 a4 0 R

4 2
Current (pA) Current (pA)

control

+Ruthenium Red

+AMICU

A Plant Mitochondrial Calcium Uniporter

inhibitor of the mitochondrial calcium uniporter
(Fig. 2E).

When AtMCU1 currents were recorded in a
Na-gluconate low-divalent ion solution (10 pm cal-
culated free Ca**, 100 mm Na-gluconate), RR- and
Gd’*-sensitive channel activity with a conductance of
57 = 12 pSwas observed (n = 35; Fig. 3A; Supplemental
Fig. S52B). This is in accordance with the recognized
characteristic of Ca** channels, including mammalian
MCU, to allow the passage of Na* upon removal of Ca?*
and divalent cations (e.g. Hess and Tsien, 1984; Lepple-
Wienhues and Cahalan, 1996; Talavera and Nilius,
2006). As in the case of the mammalian MCU, the
conductance of the channel, as determined from the I-V
curve, was significantly higher in the low-divalent so-
lution than in the presence of 100 mm Ca”*. While those

Figure 3. The impact of Arabidopsis
AMICU on AtMCUT channel activity.
A, AtMCUT activity recorded in the
low-divalent cation medium (100 mm
Na-gluconate) before (control) and after
addition of 10 um RR (V, = —40 mV;
n = 4). Similar activity was observed in
22 additional independent experiments.
Bottom, related amplitude histograms.
B, SDS-PAGE showing purity of recom-
binant Arabidopsis AMICU purified by
affinity chromatography and used in
electrophysiological experiments. C,
Purified AMICU protein was added to
AtMCUT in bilayer experiments using
low-divalent solution. V= =30 mV. D,
Amplitude histograms before (control)
and after addition of purified AMICU
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(kDa) AMICU

Amicu

|
IMMF

control
03 02 o1 ¢
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(0.7 ng/mL). An arrow on the histogram
indicates the closed state. E, P, density
histograms for open channel level. P, as
a function of time was monitored and
measured for the indicated times from
the same experiment of C. The P, was
calculated for each time segment (au-
c tomatically binned by PSTAT) as the
mean integral current divided by the
maximum current that could be attained
if the channels present in the membrane
were continuously open (P, = 1). Anal-
ysis was performed using the Fetchan
and PSTAT programs of PCLAMP8.0
software. The mean P, decreased from
0.67 to 0.32 in this representative ex-
periment; a decrease to similar extent
was observed in five additional inde-
pendent experiments.
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specific electrophysiological characteristics make a
strong case for functional conservation, it needs em-
phasizing that this observation does not mean that the
channel is mediating Na® flux under physiological
conditions, since the concentrations of divalent cations
exceeds 10 pm, and this results in a block of the Na*
current (Kirichok et al., 2004; Raffaello et al., 2013). The
electrophysiological observations strongly indicate that
AtMCUT can give rise to a functional, Ca**-permeable
channel with comparable characteristics to those ob-
served for the mammalian MCU and compatible with
an RR-sensitive uniporter function.

Arabidopsis MICU Inhibits AtMCU1 Activity

We next assessed whether and how the only Arabi-
dopsis homolog of the mammalian MICU family impacts
AtMCU1 function. Addition of purified Arabidopsis
AMICU (Fig. 3B) drastically and reproducibly reduced the
channel activity of AtMCU1 (1 = 6) at low Ca** concen-
trations (low-divalent solution, see above; Fig. 3, C-E).
AMICU lacks the first 117 amino acids comprising the
signal peptide and putative transmembrane/disordered
sequences, which are cleaved off in the mammalian iso-
form (Petrungaro et al., 2015), and carries an N-terminal
His-tag. All predicted EF hand motifs remain intact, and
we have previously found that AMICU can bind Ca**
(Wagner et al., 2015). In the low-divalent solution AMICU,
which has been suggested to exert a gatekeeping function

}Zalants under resting conditions, is unlikely to bind any
Ca™" (Wagner et al., 2015). In a representative experiment
(Fig. 3C), three channels were present displaying high
open probability (mean P, , 0.67). Following addition of
AMICU, only one channel remained partially open and
the overall P, significantly decreased (to mean P, of 0.32)
as observable from the respective amplitude histograms
(Fig. 3D). These observations, which were confirmed in
five additional independent experiments leading to a
drastic decrease of the mean P, (Fig. 2E), indicate that the
presence of MICU inhibits the channel activity of
AtMCUT1 at low free Ca** levels, similarly to mammalian
MICU2 (Patron et al., 2014). They further validate previ-
ous findings in vivo, where absence of MICU in Arabi-

E)SIS led to elevated resting concentrations of free matrix
Ca”" in unstimulated root tissue (Wagner et al., 2015).

AtMCUT1 Localizes to the Mitochondria in Arabidopsis
Cells and Is Highly Expressed in the Root

To gain insight into the place of action of the MCU
channel, we explored where AtMCUL1 is located within
the plant cell. According to the consensus targeting
prediction, five of six Arabidopsis isoforms are ex-
pected to be located in the mitochondria despite
N-terminal sequences that differ markedly both in
length and amino acid sequence, while only one is
predicted to reside in the plastids (Supplemental Table
S1). On the other hand, ChloroP1.1 predicts plastidial
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localization of another two isoforms with a probability
score higher than 0.5. These bioinformatic predictions
need experimental validation, since a dual localization
to the plastids and the mitochondria may arise from
ambiguous signal sequences (Karniely and Pines, 2005).
In addition, even unambiguous predicted signals have
been found incorrect following experimental validation
in several studies (e.g. Carraretto et al., 2016).

The Aramemnon database (Schwacke et al., 2003)
predicts a clear mitochondrial targeting for AtMCUI,
but empirical evidence has been lacking. We generated
an AtMCU1:GFP fusion construct under the control of
a 35S promoter, which we expressed transiently in
Arabidopsis leaf epidermal cells by Agrobacterium
tumefaciens infiltration. Confocal microscopy analysis
indicated that the GFP signal did not colocalize with
chloroplast autofluorescence (Fig. 4A) but with highly
motile cytoplasmic structures (Video 1). Furthermore,
AtMCU1:DsRed2 colocalized with a mitochondrial GFP
marker that employs the presequence of the B-subunit of
ATP synthase (Logan and Leaver, 2000; Fig. 4B).

Next, we analyzed expression of the AtMCUI tran-
script in different tissues of four-week-old wild-type
plants (ecotype Col-0) by quantitative RT-PCR (Fig.
4C). We detected the highest expression in root tissue,
consistent with public data from Affymetrix Arabidopsis
ATH1 Genome Array (http://genSisible.com/tissues/
AT/AGI/AT1G09575). Intermediate expression was
evident in all other tissues tested, with the exception of
seeds, where expression was below the detection limit.

Arabidopsis Lines Lacking AtMCU1 Expression Show
Altered Root Length and Mitochondrial Ultrastructure

To assess the functional role that AtMCU1 plays at
the whole plant level, we made use of two lines with
T-DNA insertions in the AtMCUI locus. Both publically
available lines were tested for antibiotic resistance,
presence of the T-DNA insertion, and abundance of
AtMCUI transcript. Based on that, the homozygous
lines of N582151 (SALK_082151.43.80.x; mcul-1) and
GK-035G08 (mcul-2) were confirmed as knockouts in
which the AtMCUI transcript was undetectable (Fig. 5,
A and B).

Given the observed high expression of AtMCU1 in
root, we hypothesized that functional alterations are
most likely to affect the root. Here, mitochondria are
the prime site of energy conversion underpinning
growth and development (Atkin and Macherel 2009; Pu
et al., 2015). Blue-native PAGE indicated that no gross
alterations occur in the mutants regarding the assem-
bly of respiratory chain complexes (Fig. 5C), unlike
in insulin-secreting mammalian cells, where knock-
down of MCU resulted in decreased respiratory chain
protein levels (Quan et al., 2015). In seedlings grown on
1% (w/v) Suc, root length (Supplemental Fig. S3A) and
respiratory characteristics of isolated mitochondria
(Supplemental Fig. S3, B-D) were comparable to that
observed in Col-0 plants. However, when seedlings
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Figure 4. AtMCUT localizes to mitochondria. A,
EGFP signal (green) in Arabidopsis leaf cells
transiently expressing a 2X 355:AtMCU1:EGFP
construct. Chlorophyll autofluorescence is shown
in blue. B, Colocalization between transiently
expressed AtMCU1:DsRed2 and a stably
expressed EGFP targeted to the mitochondria
(Logan and Leaver, 2000). Cells positive for the
mitochondrial marker only (green arrow) and for
both signals (yellow arrow) in the same leaf area
are visible. Representative images from two of
three independent experiments are shown in A
and B. Scale bar =10 um. C, AtMCU1 expression
in different plant tissues (n = 3, mean values *
sp). Transcript levels relative to Actin2 in young
leaves (YL) are shown. FEL, fully expanded
leaves; FLW, flowers; OL, old leaves; R, roots;
Seeds, imbibed seeds.

were grown on 0.1% (w/v) Suc, the primary root length cristae formation as observed by transmission electron
of the plants from both lines (mcul-1 and mcul-2) microscopy analysis were different in the roots of
lacking AtMCU1 was significantly and reproducibly 2-week-old mcul-1 and mcul-2 plants as compared to
shorter than that of Col-0 plants 10 d after germination Col-0. In the wild-type control, the majority of mi-
(Fig. 5D). Likewise, mitochondrial morphology and tochondria exhibited normal ultrastructure, with
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Figure 5. Characterization of Arabi- A
dopsis seedlings lacking AtMCUT1. A
Positions of T-DNA insertions in the

meul-1 meul-2

AtMCUT1 gene model are indicated for
lines mcul-1 and mcui-2. Middle:
genotyping of the T-DNA insertions in
two T-DNA insertion lines for the MW

q
w \\\00 P‘\l‘ \é\g

At1g09575

S B e

o) ¥ @

v“&\ & MW (& &
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AtMCUT locus. B, AtMCUT transcript
analysis in mcul-1 and mcul-2 by
semiquantitative PCR relative to Actin2.
One-kilobase step ladder (Promega) —_—
was used as molecular weight (MW)
marker (from 1 to 10 kb). C, Respiratory

[S—

AtMCU1

- full-length
— transcript

Actin2

chain complexes, separated by BN- Col-0 mcul-1

PAGE. D, Quantification of primary
root length in the Col-0, mcul-1, and 0\9 b&
mcuT-2 lines from 4 to 10 independent
experimental replicates (20 replicates C D
for Col-0). *P = 0.01 (Student’s t test).
For each mutant line, the root length was
normalized with respect to the mean
value obtained from Col-0 in the same
experimental replicate. Error bars = *sp.
Representative images of seedlings used
for quantification of root length 10 d
after germination and grown on media
supplemented with 0.1% (w/v) Suc. E,

1.0
0.8/
0.6
0.4

0.24

Normalized root length
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.
.
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7
/
/
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Transmission electron micrographs of 0.0
mitochondria from two independent

experiments. Top and bottom rows show g
exemplary images from Col-0 and

mcul-1 and mcuT-2 knockout plants in

the apical root and the elongation zone. E

A quantification is provided in Figure

7C. Scale bars = 500 nm. Col-0

mcut-1 §

mcui-2 ‘

electron-dense, uniform matrix filled with cristae in
both the elongation and the apical zones. In the plants
lacking AtMCU1, a higher proportion of mitochondria
displaying altered shape and cristae organization was
present (Fig. 5E; Supplemental Fig. S4A). The number
and dimension of mitochondria using MitoTracker
Orange CMTMRos in roots of 10-d-old seedlings were
also compared without showing obvious changes
(Supplemental Fig. S54B). Together, these results sug-
gest that a part of the mitochondrial population is af-
fected by the lack of AtMCU1 that manifests in a root
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mcui-2 Col-0 mcu1-1 mcut-2

Root eiongatlon zone

developmental defect under specific growth condi-
tions. Since AtMCUL is expressed also in the shoot and
an interplay between mitochondrial and chloroplast
function might occur (Lee et al., 2008; Weber and Linka
2011; H.P. Braun et al.,, 2014; Kmiecik et al., 2016),
we characterized rosette size (Supplemental Fig. S5A)
and photosynthetic efficiency (Supplemental Fig. S5B)
without revealing any significant differences. According to
eFPBrowser (http:/ /bbc.botany.utoronto.ca/efp/cgi-bin/
efpWeb.cgi?primaryGene=At1g09575&modelnput=
Absolute), AtMCUT is highly expressed also in the mature
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pollen, yet we did not observe any impact on seed
production in the mutant plants.

In Vivo Measurements of Mitochondrial Ca**
Accumulation in Root Tips of Mutant Plants Reveal Slight
Changes in Ca®* Dynamics

Given the Ca*- -permeable channel activity of re-
combinant AtMCUl in vitro, we compared the mito-
chondrial Ca** uptake dynamics in seedling roots
from 1-week-old Col-0 and mutant plants grown in
0.1% (w/v) Suc. We crossed Col-0 and mcul-1 plants
with Col-0 plants harbormg the mitochondria-targeted,
genetically encoded Ca”* probe Yellow Cameleon YC3.6
(Loro et al., 2012). To induce Ca®" transients in the mi-
tochondrial matrix, Col-0 and mcul-1 seedlings were
treated with 0.1 mm external ATP as previously de-
scribed (Teardo et al., 2015; Wagner et al., 2015). Mito-
chondrial Ca** uptake upon stimulation occurred in both
genotypes, with mild but statistically significant differ-
ences in the kinetics of accumulation and of release (Fig.
6, A-F). A comparison of resting free Ca®* concentrations
in the matrix between both genotypes did not show
significant differences. Overall, in these young roots,
only slight differences in mitochondrial Ca®* dynamics
could be observed, suggesting that other, rmtochondrla—
targeted AtMCU isoforms or alternative Ca** uptake
systems compensate for loss of AtMCUI. Indeed, quan-
titative RT-PCR analysis showed expression of other
homologs in the root, with At4¢36820 (AtMCU4) show-
ing the highest transcript levels (Supplemental Fig. S6A).
Transient expression of 2X355:AtMCU4:EGFP in Arabi-
dopsis leaf epidermis revealed mitochondrial targeting
also for this homolog (Supplemental Fig. S6B).
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Arabidopsis Lines Overexpressing AtMCU1 Show Altered
Root Length and Mitochondrial Ultrastructure

The above experiments indicate an efficient backup
by additional AtMCU homologs in vivo. Yet, mito-
chondria isolated from seedlings lacking AtMCU1 in
two independent lines display altered ultrastructure
and root length, suggesting that the absence of AtMCU1
cannot be fully compensated for by other AtMCU
isoforms at all levels, leading to a general acclimation of
mitochondrial function. To assess the consequences of
MCU overexpression in intact plants, we generated
four independent stable Arabidopsis lines, with high
AtMCUI transcript levels in the Col-0 and the mcul-1
backgrounds (Fig. 7A). Expression of 355:MCU1:GFP in
root mitochondria was confirmed by confocal micros-
copy (Fig. 7B). Surprisingly, increased expression of the
protein led to similar changes as its absence, that is to
decreased root length in comparison to Col-0 (Fig. 7C)
and altered mitochondrial ultrastructure (Fig. 7, D and E),
indicating a gene-dose effect that leads to mitochondrial
stress both upon decreased and increased expression of
AtMCUL.

Since changes in the composition of respiratory chain
complexes could not be detected and respiratory ca-
pacity was maintained, it appears unlikely that the
observed growth defect was due to impaired bioener-
getic efficiency in the knockout plants. A hypothetical
link between MCU expression and root development is
represented by reactive oxygen species (ROS) dynam-
ics, since maintenance of ROS homeostasis has been
suggested to be critical for normal plant development.
MCU overexpression in Trypanosoma was correlated
with increased rates of ROS generation (Huang et al.,
2013). On the contrary, lack of functional MCU was
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“transients in mcuT-1 and wild-type plants. A, Wild-type control (Col-0)

and mcuT-1 plants were imaged for 175 s before being treated with 0.1 mm extracellular ATP that was removed after another
180 s. FRET ratio changes were analyzed in a defined region of interest (dotted circle). B, Steady-state FRET ratios were calculated
in a 35-s time frame directly preceding the application of ATP. C, Linear FRET ratio increase following ATPapplication. D, Slope of
aregression line through data points shown in C. E, Time to reach half-maximal FRET ratio after the application of stimulus. F, Time
to pass half-maximal ratio while recovering from maximal FRET ratio. n = 7; error bars = sp; *P < 0.05.
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Figure 7. Characterization of Arabidopsis
lines overexpressing AtMCU1. A, AtMCU1
transcript analysis by semiquantitative PCR A
in Col-0, mcul-1, and mcul-2 and lines

i
o o
& @god\@g;s @@6 E

overexpressing AtMCU1 either in Col-0
background (355:AtMCU1/Col-0) or in
mcuT-1 background (355:AMMCU1/mcul-1).
One-kilobase ladder (Promega) was used
as molecular weight (MW) marker (from
250 to 1000 bp). B, Confocal images of

AtMCU1
transcript
e

(™

2X355:AtMCU1:EGFP expressing lines

confirm the presence of AtMCUT in root

E . R . Actin2
mitochondria. Representative images of

two experiments are shown. C, Data are root
from =4 independent experimental repli-

cates. *P = 0.01 (Student’s t test). D, Per- C

centage of mitochondria with normal
ultrastructure or with translucent matrix of
atypical form in the apex and elongation
zones of roots from the different lines.
=150 mitochondria were assessed per
line, deriving from three seedlings for each
genotype. Statistical analysis revealed
significant differences (P = 0.05; Student’s
t test) in all lines with respect to Col-0
regarding the percentage of abnormal
mitochondria. E, Transmission electron
micrographs of mitochondria from two
independent experiments. Exemplary im-
ages from three different plants/genotype
in the apical root and the elongation zone. E
A quantification is provided in Figure 7D.
Scale bars = 500 nm.

Normalized root length

35S:AtMCU1
/Col-0

35S:AtMCU1/
mcut-1

found to modestly decrease mitochondrial ROS pro-
duction and to trigger transcriptional reprogramming
(Rasmussen et al., 2015). Unfortunately, however, reli-
able techniques to measure mitochondrial ROS dy-
namics in vivo in plants are not available (Jia, 2011;
Huang et al., 2016; Tsukagoshi, 2016), and thus,
any mechanistic relationship between mitochondrial
ROS dynamics and root growth regulation is currently
lacking. Yet, both excessive ROS production (Jardim-
Messeder et al., 2015) and decreased ROS production
rates have been suggested to impair root growth
(Foreman et al., 2003; Tsukagoshi et al., 2010). For ex-
ample, lack of superoxide-producing NADPH oxidase
led to a 20% decrease of root length (Foreman et al.,
2003), which is within a similar range as the 10% to 22%
decrease we observed in the different lines. In our case,
an estimate of basal ROS production rates, as measured
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using the nonfluorescent dihydrorhodamine 123
(DHR123) that becomes oxidized to fluorescent rho-
damine 123 by H,O, (Fester and Hause 2005; although
not necessarily specifically) was not significantly al-
tered in AtMCU1 knockout or overexpressing roots
(Supplemental Fig. S7). Hence, the hypothesis of altered
ROS dynamics remains to be addressed in future work.
Finally, we analyzed the root apical meristem by pro-
pidium iodide staining, which allows the imaging of
the walls of living cells. No obvious difference is no-
ticeable between different genotypes in the meriste-
matic zone (Supplemental Fig. S8). Cortex, endodermis,
epidermis initials, and quiescent center are detectable in
all the analyzed roots, suggesting that auxin and cyto-
kinin signaling pathways that play an important role in
controlling the balance between cell division and dif-
ferentiation in the root meristem (Dello Ioio et al., 2008)
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remain functional in the knockout or overexpressor
plants.

DISCUSSION

Our work provides experimental evidence for the
mitochondrial localization of a plant MCU homolo 8
and its function as a bona fide, RR-sensitive Ca~*
channel. It further provides insight into the physiolog-
ical role that AtMCU1 plays at the whole plant level
as investigated by deletion and overexpression in
Arabidopsis.

Homologs of the mammalian MCU family in Arabi-
dopsis include six members, of which five have pre-
dicted mitochondrial targeting (Stael et al., 2012).
However, organelle localization predictions require
rigorous empirical validation, particularly in plants
where mitochondrial and chloroplast targeting se-
quences can be very similar (see e.g. Karniely and Pines,
2005; Carraretto et al., 2016). Here we validate that two
of six AtMCUs (AtMCU1 and AtMCU4) indeed localize
only to mitochondria in intact Arabidopsis plants
and display particularly high expression in roots. In-
dependent experimental evidence for localization of
AtMCUI1-3 to mitochondria has also been obtained
(Carraretto et al., 2016; Wagner et al., 2015; Senkler
et al., in press). Whether the functional properties of the
homologs expressed in the different tissues are the
same remains unknown. Sequence alignment between
Arabidopsis MCU homologs and those of H. sapiens
and C. elegans highlights that the overall sequence
similarity between plant and animal MCUs is relatively
low (<25% pairwise sequence identity; Supplemental
Fig. S9). Empirical investigation of the electrophysio-
logical properties, as done in this work, is therefore a
critical step and one that has been largely missing for
MCU proteins in other organisms than mammals. The
conserved nature of the selectivity filter region and of
the Ser residue responsible for sensitivity to RR in all six
Arabidopsis isoforms suggests that AtMCUI is repre-
sentative also for the other AtMCUs and that functional
insights on the ability of AtMCU1 to form a channel
may be, with appropriate caution, extrapolated to the
entire AtMCU family.

The recently elucidated structural properties of MCU
from C. elegans (Oxenoid et al., 2016) allow several con-
siderations: relatively few amino acids are conserved in
Arabidopsis MCUs in the regions proposed to be im-
portant for the regulation of the C. elegans channel
(Supplemental Fig. S9). In particular, it was hypothesized
that the outer and inner juxtamembrane helices as well as
the loop region L2 are unstable regions undergoing con-
formational changes upon activation by EMRE to create
the lateral exit path for Ca®* (Oxenoid et al., 2016). The
proposed role of EMRE in mammals also mcludes me-
diating the physical interaction between MCU and a
MICU1/MICU2 dimer and regulating MCU channel ac-
tivity depending on the matrix Ca®* concentration
(Sancak et al., 2013; Vais et al., 2016). Homologs of EMRE
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are not present in plants, fungi, or protozoa, and 1t has
been recently shown that EMRE is required for Ca** up-
take in the case of mammalian MCU, but not of MCU
from Dictyostelium discoideum (Kovacs-Bogdan et al.,
2014). Likewise, our data indicate that in plants, MCU
together with the MICU regulator represents a functional
configuration of the MCUC. Indeed, in our electrophysi-
ological experiments, Arabidopsis MICU had a direct ef-
fect on AtMCUL. At the level of the above-indicated
regions, the amino acid sequence is more similar between
Arabidopsis and Dictyostelium than between AtMCUs
and human MCU (Supplemental Fig. 510). Highly con-
served amino acids (with still unknown specific roles)
among all MCUs include an Ile in outer juxtamembrane
helices, a Thr in inner juxtamembrane helices, and a Phe in
L2, whereas an (R/K)/Q/(R/K)/(K/R)/L motif in the L2
region is characteristic of plant and Dictyostelium MCUs
(Supplemental Fig. S510). In principle, this posmve charge-
rich region might promote the exit of Ca** by electrostatic
repulsion (i.e. without the need of EMRE).

Here, we provide evidence that AtMCU]1 gives rise to
a channel activity strongly resembling the key charac-
teristics of animal MCU, despite the low overall amino
acid identity with the mammahan MCU protein. A
characteristic feature of Ca®* channels is mediation of
Na" flux when divalent cations are present at very low
concentrations (10 pMm, as compared to 100 mm Na™).
However, under physiological conditions, Ca*" will
pass through the channel given that it binds Ca** with
high affinity (Kirichok et al., 2004). The observed m-
hibitory effect of MICU on channel act1v1ty at low Ca**
concentration (the steady-state free Ca** is in the range
of 100 nMm in the Arabidopsis cytosol; Stael et al., 2012)
is in accordance with the gatekeeper function of Ara-
bidopsis MICU under basal conditions and with the
increased basal matrix Ca** concentration in mito-
chondria lacking MICU (Wagner et al., 2015). The sys-
tem we used for the electrophysiological studies is
highly suitable to gather definitive evidence as to
whether a protein can form an ion channel. Patch
clamp, which may be regarded as an alternative for
organelle-located ion channels, is technically extremely
challenging for plant mitochondria and has been per-
formed on wheat germ mitochondria only (De Marchi
et al., 2010), while no successful application has been
reported for Arabidopsis mitochondria yet.

Since the dlscovery that mitochondria are able to
accumulate Ca**, fundamental roles in regulating mi-
tochondrial physmlogy, energy metabohsm and cell
fate have been associated with Ca** dynamics, with a
majority of this work based on animal systems (Wagner
et al., 2016). As to plant mitochondria, Ca** uptake into
1solated mitochondria has been observed in different
systems for decades, but critical uncertainties about the
mechanism (uniport versus symport with phosphate)
have remained (e.g. Martins and Vercesi, 1985; Silva
etal., 1992; Zottini and Zannoni, 1993; Virolainen et al.,
2002). Since oxidative phosphorylation is based on an
electrochemical gradient across the inner mitochon-
drial membrane, ion channels in this membrane may be
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expected to impact the regulation of energy metabolism
(e.g. Szabo and Zoratti, 2014). Indeed, genetic manip-
ulation of MCU in several organisms resulted in ener-
getic defects especially under stress conditions, as
demonstrated in zebrafish (Prudent et al., 2013) and in
Trypanosome brucei (Huang et al., 2013), where, like
in mammals, only a single active channel-forming
isoform is present. Genetic ablation of MCU in the
germline of mice, however, displayed only a mild
phenotype, possibly due to compensation at the system
level (Pan et al., 2013; Murphy et al., 2014). On the other
hand, postnatal silencing or overexpression of MCU
clearly demonstrated that MCU expression triggers
muscle hypertrophy, both during postnatal growth
and in adulthood, by affecting retrograde signaling
(Mammucari et al., 2015). Furthermore, the importance
of correct m1tochondr1al Ca” handling is emphasized
by a human disease associated with mutation of MICU1
(Logan et al., 2014) and by the requirement of MICU1
for adaptation to postnatal life and for tissue repair
after injury (Antony et al.,, 2016). Interestingly, both
MCU-overexpressing and MCU-silenced muscle fibers
harbored atypical mitochondria with altered cristae
structure and severely damaged mitochondria with
disrupted cristae (10% of total), although such ultra-
structural changes were not associated with an over-
all metabolic dysfunction (Mammucari et al., 2015).
Here we show that a similar situation is found in Ara-
bidopsis, where both lack and overexpression of
AtMCU1 caused appearance of mitochondria with ir-
regular shape, alteration of cristae, and partial loss of
matrix density. The fact that we observed these changes
in two independent knockout lines as well as in wild-
type plants overexpressing the protein indicates that
this morphological change is intimately linked to al-
teration of the Ca** channel expression. The exact
mechanism accounting for thls link is unclear, but the
lack of another putative Ca**flux mediator, the Glu
receptor 3.5 in mitochondria, as well as of the AIMCU
regulator MICU equally correlated with severe mor-
phological changes (Teardo et al., 2015; Wagner et al,,
2015). Taken together, these data suggest a link be-
tween mitochondrial Ca** and organelle biogenesis
and/or morphology by a mechanism that still awaits
clarification in both animals and plants.

Previous work has already suggested that in plants,
mitochondrial function is important for root growth,
which may be due to their strict dependence on respi-
ratory energy provision (de Longevialle et al., 2007;
Huang and Millar, 2013). In this study, modifying
MCUI1 expression significantly impacted root growth
under restrictive carbon source availability, without
obvious changes in ROS dynamics or in organization of
the meristematic zone. Future work is required to
clarify whether the observed root phenotype is directly
related to a relatively low percentage of structurally
abnormal m1tochondr1a and/or, similarly to muscle, to
altered Ca**-mediated downstream signaling.

In summary, our work clearly shows that plants
possess a functional mitochondrial uniporter system. It
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provides a comprehensive functional characterization
of AtMCU]1, a plant homolog of the mammalian cal-
cium uniporter, unraveling conserved but also distinct
properties. It identifies a plant-specific phenotype in the
absence and overexpression of one AtMCU isoform,
raising the question about specific and redundant roles
of plant MCU protein family for future studies. As such,
it paves the way to 1nvest1gate the phy51olog1cal im-
portance of mitochondrial Ca** regulation in plants.

MATERIALS AND METHODS
Phylogenetic Analysis

Human MCU (UniProt ID: Q8NE86) was used to retrieve sequences of plant
homologs from https://phytozome.jgi.doe.gov/pz/portal.html through a
BLASTP search. Sequences from selected species (Supplemental Fig. S1) were
iteratively aligned with MUSCLE (Curtis and Grossniklaus, 2003), manually
cured, and used to calculate a phylogenetic tree using MrBayes (Huelsenbeck
and Ronquist, 2001). A Markov chain Monte Carlo simulation was run for
2,000,000 generations with three chains under mixed amino acid models.

In Vitro Expression of AtMCU and AMICU

AtMCUT1 protein was expressed in an in vitro wheat (Triticum aestivun) germ
lysate system based on the continuous exchange cell-free technique, using the
RTS 100 Wheat Germ CECF Kit (Roche). Synthesis was conducted for 24 h at
24°C under continuous mixing on a Thermomixer comfort unit (Eppendorf).
After expression, the reaction mixture (30 uL) was directly solubilized for
30 min at room temperature with one of six different detergents (Triton X-100,
SDS, B-DDM, decyl-B-p-maltopyranoside n-octyl B-b-glucopyranoside, and
CHAPS) added to 2% (w/v). After centrifugation, the supernatant containing
the solubilized proteins selected for electrophysiological characterization was
diluted 1:10 in 10 mm HEPES, pH 7.4, and then used in planar lipid bilayer
experiments.

The AMICU sequence (At4¢32060) was cloned into pET28a vector fused to a
6XHis tag for expression into Escherichia coli cells. After induction of protein
expression, a HisTrap HP column (GE Healthcare) was used to purify AMICU
protein as described previously (Wagner et al., 2015).

SDS-PAGE and BN-PAGE

SDS-PAGE was performed in the presence of 6 M urea (Carraretto etal., 2013),
and western blotting was carried out as described previously (Teardo et al.,
2011). Protein complex analyses were conducted on blue native-PAGE (BN-
PAGE). Protein complexes from purified mitochondria were solubilized in the
presence of 1.5% (w/v) n-dodecyl-maltoside, 375 mm 6-aminohexanoic acid,
250 mm EDTA, and 25 mm Bis-Tris, pH 7.0. Solubilized protein complexes
were centrifuged at 15,000¢ and 4°C for 20 min, and 1% (w/v) Coomassie
Brilliant Blue G was added to the supernatant prior to separation by elec-
trophoresis on a 4% to 12% acrylamide gradient BN gel as described previ-
ously (Larosa et al., 2012).

Bilayer Experiments

Anasolectin solution in decane/chloroform with a 100:1 ratio per mg of lipids
was used for artificial membrane construction. A membrane of 100 mV/pF was
constructed between two compartments (cis/trans), and 3 mL of Na-gluconate
(low-divalent cation medium, 100 mm Na-gluconate, 5 mm EDTA, and 10 mm
HEPES, pH 7.4) or CaCl, (100 mm CaCl, and 10 mm HEPES, pH 7.4) or
Ca-gluconate (100 mm Ca-gluconate and 10 mm HEPES, pH 7.4) were added to
the cis and trans compartments. Then 10 uL of the solubilized and diluted
AtMCUT1 prepared as in Raffaello et al. (2013) was added to the cis side. Control
experiments (1 = 50) showed no activity without addition of the protein. GACl,
or RR was added to both compartments to the required concentration for in-
hibition assays. Then 10 uL of purified AMICU protein was added (100 ng/mL)
toboth sides. Analysis of data was performed using the PCLAMP8.0 and Origin
6.1 programs (for Gaussian and linear fitting).
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Plant Material and Growth Conditions

Arabidopsis (Arabidopsis thaliana) plants were grown under controlled
conditions: 22°C, long-day photoperiod (16 h light, 8 h dark), 90 umol
photons m 2571, 70% relative humidity. Seeds were surface-sterilized with
hypochlorite, incubated for 2 d at 4°C in the dark, and allowed to germinate
in half-strength Murashige and Skoog (MS; Duchefa) medium solidified with
0.8% (w/v) plant agar. Seedlings were picked and transferred to soil. For
measurement of root length and MitoTracker Orange CMTMRos staining,
surface-sterilized seeds were grown on vertical culture plates containing half-
strength MS medium supplemented with 0.1 or 1% (w/v) Suc and 0.8% (w/v)
plant agar for 10 d.

Mutant Genotyping, Construct Preparation, and
Plant Transformation

Two independent T-DNA insertion lines for the At1g09575 locus were
obtained from NASC (European Arabidopsis Stock Centre): SALK_082151
from the SALK collection and GK-035G08 from GABI-Kat collection. Total
genomic DNA was extracted from each line following standard procedures:
after extraction, the full-length gene sequence was PCR-amplified with a spe-
cific primer for the T-DNA construct and the other on At1g09575 to confirm the
position of T-DNA in the AtMCU1 gene sequence (SALK and GK specific
primers; Supplemental Table S2).

RNeasy Plant Mini kit (Qiagen) was used to extract total RNA from
Arabidopsis mutant leaves: 5 ug of RNA was reverse-transcribed with the
SuperScriptll Reverse Transcriptase (Invitrogen). Primers AtMCU1.1_for and
AtMCU1.1_1rS and ACTRT_for and ACTRT_rS (Supplemental Table S2) were
used for the full-length AtMCUTI and the Actin2 (At3g18780) control transcript.

The At1g09575 coding sequence was amplified by using the following
primers: AtMCU1.1_for and AtMCU1.1_rS and AtMCU1.2_for and
AtMCU1.2_rS (Supplemental Table S2). PCR products were digested
with Ndel/Sacl (NEB Biolabs) for ligation into pIVEX1.4WG (Roche) and
Pst1/Smal (NEB Biolabs) for ligation into pPGREAT:EGFP. The At4g36820
coding sequence was also PCR-amplified (primers listed in Supplemental Table
S2) and ligated into pGREAT:EGFP for localization studies. Transient expres-
sion was performed as in Carraretto et al. (2013).

For stable overexpression of At1g09575, Arabidopsis plants (Col-0 and
SALK_082151) were transformed by floral dip with Agrobacterium tumefaciens
GV3101, carrying the pGREAT- 2X355:AtMCU1:EGFP construct in the pres-
ence of pSoup.

Quantitative RT-PCR

RNA was extracted from seeds imbibed in water for 24 h, from flowers of
6-week-old plants, and from leaves and roots of 4-week-old plants, using the
RNeasy Plant Mini kit. Reverse transcription was performed with 100 ng™* g
RNA (SuperScript II Reverse Transcriptase; Life Technologies). Quantitative
RT-PCR was performed using GoTaq qPCR Master Mix (Promega) in an AB
Applied Biosystems 7500 Real-Time PCR System, by using the following primer
pair: AtMCU1_qPCR_for and AtMCU1_qPCR_rS (Supplemental Table S2).
Actin2 (At3¢18780) was amplified as the reference gene using the following
primer pair: Act_qPCR_for and Act_qPCR_rS. Data were analyzed by the AAC,
method (Livak and Schmittgen 2001).

MitoTracker Staining of Root Mitochondria

Ten-day-old seedlings were incubated in 500 nm MitoTracker Orange in half-
strength MS medium for 15 min and rinsed for 15 min in dye-free medium
before imaging.

Confocal and Transmission Electron Microscopy

Images were collected with a Leica TCS SP5 II confocal laser scanning mi-
croscope (Leica Microsystems) with 40X HCX PL APO CS (1.25-0.75 numerical
aperture) oil-immersion objective. Laser lines at 488 and 543 nm were used for
excitation of EGFP and MitoTracker Orange/DsRed2, respectively. Emission
paths were 505 to 525 nm for EGFP, 570 to 620 nm for MitoTracker Orange,
560 to 580 nm for DsRed2, and 680 to 720 nm for chlorophyll autofluorescence.
Transmission electron micrographs were obtained from 2-week-old Arabi-
dopsis plants as described in Carraretto et al. (2013).
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Root and Rosette Measurements

Measurements of root length were done by using Image] software (W.S.
Rasband, Image], U.S. National Institutes of Health). For the evaluation of rosette
size, plants were sown onto soil and grown in individual pots. The Leaf Lab
tool (Version 1.41) provided by Mark D. Fricker was used to assess the leaf area
(Fricker, 2016).

Seedling Preparation for Ca** Imaging

Arabidopsis seeds were surface-sterilized by vapor-phase sterilization and
plated on half-strength MS medium supplemented with 0.1% (w/v) Suc and
2.34 mm MES, pH 5.8 and solidified with 0.8% (w/v) of plant agar. After strati-
fication at 4°C in the dark for 3 d, seeds were transferred to the growth chamber
with 16-/8-h cycles of light (70 wmol photons m 2 s ") at 22°C. The plates were
kept vertically. Seedlings used for the analyses were 7 to 8 d old, which corre-
sponds to an average root length of 3 cm. For root cell imaging, the seedlings were
prepared according to Behera and Kudla (2013) in dedicated chambers and
overlaid with wet cotton to continuously perfuse the root with the imaging so-
lution (5 mm KCl, 10 mm MES, and 10 mm CaCl,, pH 5.8 adjusted with Tris). The
shoot was not submerged in the solution, and in order to prevent possible artifacts
linked to the specimen manipulation, we routinely kept the seedlings for 10 min in
continuous solution perfusion before the start of the recordings. ATP (final con-
centration of 0.1 mm) was added as disodium salt to the chamber by perfusion
with the same solution. ATP was perfused for 3 min and then washed out.

Time-Lapse Ca** Imaging Analyses

Seedling roots expressing the mitochondrial localized Yellow Cameleon
3.6 (Loro et al., 2012) were imaged in vivo by an inverted fluorescence micro-
scope Nikon Ti-E (Nikon) with a CFI PLAN APO 20X VC dry objective. Exci-
tation light was produced by a fluorescent lamp Prior Lumen 200 PRO (Prior
Scientific) at 440 nm (436/20 nm) set to 20%. Images were collected with a
Hamamatsu Dual CCD Camera ORCA-D2 (Hamamatsu Photonics). For Yel-
low 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 dichroic
510-nm mirror (Hamamatsu Photonics) was used for the simultaneous CFP and
cpVenus acquisitions. Exposure times were 100 ms for roots with a 4 X 4 CCD
binning. Images were acquired every 5 s. Filters and dichroic mirrors were
purchased from Chroma Technology. The NIS-Element (Nikon) was used as a
platform to control microscope, illuminator, camera, and postacquisition
analyses. Individual ratiometric images and time lapse imaging data were
analyzed using a custom Matlab program (Fricker, 2016) as described recently
in detail (Wagner et al., 2015).

Measurement of Photosynthetic Efficiency

Seeds were sown on neutral peat substrate (Jiffy-7; Jiffy Group) and in-
cubated for 2 d at 4°C in the dark. Cultivation was performed at 22°C, 40 umol
photons m™2 s7!, long-day 16:8 photoperiod. Fluorescence values were
regularly measured (at weeks 3, 4, and 5 after germination) using eight plants
per genotype; data shown in the text were recorded after 16 h of light fol-
lowed by 20 min of dark adaptation. Fluorescence was detected by PAM
imaging using FluorCam? (Photon Systems Instruments) applying a satu-
ration pulse of 5,322 uE m 2 s™! for 800 ms in the dark; maximum PSII
quantum yield in dark-adapted state = variable fluorescence in dark-adapted
state (F,)/maximum fluorescence in dark-adapted state (F,,).

Respiratory Measurements

Oxygen consumption of isolated mitochondria from Arabidopsis roots was
measured as described recently (Wagner et al., 2015). Arabidopsis mitochondria
from 2-week-old seedlings were isolated, and oxygen consumption and in-
tegrity of the outer mitochondrial membrane were assayed as described by
Sweetlove et al., 2007.

Visualization of Root Apical Meristem
Eleven-day-old seedlings, grown on 0.1% (w/v) Suc, were stained with 5 um
propidium iodide (Sigma-Aldrich) for 5 min, then rinsed in milliQ water and

mounted on a microscope slide. Root apical meristem was imaged using a Leica
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SP5 confocal laser scanning microscope with excitation at 488 nm and emission
at 560 to 620 nm. Images were analyzed using Image].

ROS Detection in Root Tips

DHR123 (ThermoFisher Scientific) was dissolved at 5 um in milliQ water
(working solution). Seedlings were incubated for 10 min in 5 um DHR123, rinsed
in milliQ water, mounted on a microscope slide, and observed using a Leica 5000b
fluorescence microscope (excitation 485 nm, emission 535 nm, 5X objective).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AT1G09575 (AtMCUT1), AT1G57610 (AtMCU2),
AT2G23790 (AtMCU3), AT4G36820 (AtMCU4), AT5G42610 (AtMCUS5),
AT5G66650 (AtMCU6), AT4G32060 (MICU), and AT3G18780 (ACTIN2).

SUPPLEMENTAL DATA

The following supplemental materials are available.

Supplemental Figure S1. Amino acid sequences of the pore region of MCU
homologs from 36 species from the plant kingdom.

Supplemental Figure S2. AtMCU1 is selective for Ca®* over CI” and re-
sponds to classical inhibitors of mammalian MCU.

Supplemental Figure S3. Lack of AtMCU1 does not alter respiration.

Supplemental Figure S4. Ultrastructure, overall number, and size of mi-
tochondria in mcul-1.

Supplemental Figure S5. The impact of lack of AtMCU1 on growth and
photosynthetic efficiency.

Supplemental Figure S6. Expression analysis of the Arabidopsis MCU
isoforms and subcellular localization of AtMCU4.

Supplemental Figure S7. Qualitative estimation of ROS production in root
tips of plants lacking or overexpressing AtMCU1.

Supplemental Figure S8. Basic structural and developmental features of
root tips from plants lacking or overexpressing AtMCU1.

Supplemental Figure S9. Amino acid sequence homology between
AtMCU isoforms and MCU from H. sapiens and C. elegans.

Supplemental Figure S10. Amino acid sequence homology between Ara-
bidopsis MCU isoforms and MCU from D. discoideum.

Supplemental Movie. Timelapse of Arabidopsis leaf epidermis imaged after
infiltration with A. tumefaciens harboring the AIMCU1:GFP construct. For
comparison of motility, see also videos of Teardo et al., 2015.

Supplemental Table S1. Predicted targeting and cleavage site for Arabi-
dopsis MCU proteins.
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