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Cellular/Molecular

MCU Interacts with Mirol to Modulate Mitochondrial
Functions in Neurons

Robert F. Niescier,">* Kido Hong,">* Dongkeun Park,' and “Kyung-Tai Min'-
Department of Biological Sciences, School of Life Sciences and National Creative Research Initiative Center for Proteostasis, Ulsan National Institute of
Science and Technology (UNIST), Ulsan 44919, Korea

Mitochondrial Ca>* uptake is gated by the mitochondrial calcium uniplex, which is comprised of mitochondrial calcium uniporter
(MCU), the Ca®" pore-forming subunit of the complex, and its regulators. Ca>" influx through MCU affects both mitochondrial function
and movement in neurons, but its direct role in mitochondrial movement has not been explored. In this report, we show a link between
MCU and Mirol, a membrane protein known to regulate mitochondrial movement. We find that MCU interacts with Mirol through
MCU’s N-terminal domain, previously thought to be the mitochondrial targeting sequence. Our results show that the N-terminus of MCU
has a transmembrane domain that traverses the outer mitochondrial membrane, which is dispensable for MCU localization into mito-
chondria. However, this domain is required for Mirol interaction and is critical for Miro1 directed movement. Together, our findings

reveal Miro1 as a new component of the MCU complex, and that MCU is an important regulator of mitochondrial transport.
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ignificance Statement

uptake and mitochondrial transport.

Mitochondrial calcium level is critical for mitochondrial metabolic activity and mitochondrial transport in neurons. While it has
been established that calcium influx into mitochondria is modulated by mitochondrial calcium uniporter (MCU) complex, how
MCU regulates mitochondrial movement still remains unclear. Here, we discover that the N-terminus of MCU plays a different role
than previously thought; it is not required for mitochondrial targeting but is essential for interaction with Mirol, an outer
mitochondrial membrane protein important for mitochondrial movement. Furthermore, we show that MCU-Mirol interaction is
required to maintain mitochondrial transport. Our data identify that Miro1 is a novel component of the mitochondrial calcium
uniplex and demonstrate that coupling between MCU and Mirol as a novel mechanism modulating both mitochondrial Ca**
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Introduction

Proper distribution and transport of mitochondria within ex-
tremely polarized regions of a neuron in response to physiologi-
cal needs are essential for neuronal functions (Phillips et al., 1996;
Ligon and Steward, 2000; Chada and Hollenbeck, 2003). Conse-
quently, defects in transportation of mitochondria in neurons
may create detrimental consequences and are linked to numer-
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ous neurological disorders (Ligon and Steward, 2000; Chada and
Hollenbeck, 2003). It is also known that (1) Ca*™ plays a key role
in regulating both metabolic capability of mitochondria and mi-
tochondrial transport in neurons, and (2) mitochondrial calcium
uniplex primarily facilitates Ca®" uptake into the mitochondrial
matrix (Deluca and Engstrom, 1961; Baughman et al., 2011; De
Stefani et al., 2011). The core component of this uniplex, the
mitochondrial calcium uniporter (MCU; Baughman et al., 2011;
De Stefani et al., 2011), forms a Ca**-specific pentameric pore
within the inner mitochondrial membrane, along with its paralog
MCUD (Raffaello et al., 2013; Oxenoid et al., 2016). MCU is
regulated by its subunits, MICU1 (Perocchi et al., 2010; Petrun-
garo etal., 2015; Liu et al., 2016), MICU2 (Plovanich et al., 2013;
Patron et al., 2014), and EMRE (Sancak et al., 2013; Vais et al.,
2016), which establish a baseline threshold for Ca*" sensitivity,
ensuring that Ca*" uptake only occurs during a significant in-
crease in intracellular Ca®" concentrations. These subunits are
then assembled into the complex with MCUR1 (Chaudhurietal.,
2016; Tomar et al., 2016), which serves as a scaffolding factor.
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Although MCU’s action in Ca®" uptake is well established, its
potential roles in regulating other Ca**-dependent mitochon-
drial functions, such as mitochondrial transport, are not well
understood.

The outer mitochondrial membrane protein Mirol, a Rho
GTPase that contains two canonical EF-hands (Fransson et al.,
2006), is known to modulate mitochondrial transport (Saotome
et al., 2008; Macaskill et al., 2009; Wang and Schwarz, 2009;
Changetal., 2011; Pan et al., 2013). In mammals, Miro1 binds to
TRAK1/2, which in turn binds to kinesin or dynein to promote
microtubule-driven anterograde and retrograde movement, re-
spectively (van Spronsen et al., 2013). In axons, mitochondrial
movement is arrested upon a high pulse of Ca®", due to EF-
hand-mediated change in Mirol configuration. Initial studies
using Miro1 siRNA in neurons found a significant decrease in the
overall number of moving mitochondria in axons (Macaskill et
al., 2009), and overexpression of a Ca?” insensitive mutant of
Mirol enhanced mitochondrial movement in the presence of
increased Ca”™ levels (Saotome et al., 2008; Chang et al., 2011).
However, tests using a Mirol knock-out mouse model have re-
ported conflicting results. An initial study reported only a modest
decrease in retrograde movement (Nguyen et al., 2014), whereas
a follow-up examining the difference between Mirol and Miro2
knock-out phenotypes found that only the Mirol knock-out
mouse showed a dramatic decrease in axonal mitochondrial
transport, making Mirol the primary regulator of mitochondrial
movement (Lopez-Doménech et al., 2016). Both of these studies
found that deletion of Miro1 produced severe neural defects.

Although MCU’s action in Ca*" uptake is well established, its
potential roles in regulating mitochondrial transport are not well
understood. Our previous work (Chang et al., 2011) suggested
that MCU and Miro1 might work in the same biological pathway
to simultaneously regulate mitochondrial functions and trans-
port in axons. Overexpression of a Ca>™ insensitive mutant of
Mirol was sufficient to impair Ca®" uptake into mitochondria,
whereas pharmaceutical repression of MCU rescued Ca*"-
induced arrest of mitochondrial movement (Chang et al., 2011).
Further studies have confirmed that Miro plays a critical role in
regulation of mitochondrial calcium, and controls interaction
with the ER (Lee et al., 2016). However, the possibility of inter-
action between Miro1 and the inner mitochondrial components
has not been examined. In this study, we have investigated the
interaction between Mirol and MCU, and the role of this inter-
action plays in mitochondrial transport and Ca*™ influx.

Materials and Methods

Animal care. Animals were used in accordance with protocols approved
by the Animal Care and Use Committees of UNIST. C57BL/6 mouse
strain was purchased from Hyochang Science.

Coverslip preparation. Glass-bottom dishes (Cellvis, D35-14-1.5-N)
were prepared as follows for all microscopy experiments. First, dishes
were immersed in 1 M HCI at 55°C for at least 4 h. Dishes were then
washed thoroughly with dH, O, followed by 30 min washes of 50%, 70%
and 100% ethanol. Dishes were then dried in a biosafety cabinet and
exposed to UV radiation for at least 15 min for sterilization. Fifty micro-
grams per milliliter of poly-p-lysine (Thermo Fisher Scientific, P6407)
were added to the glass portal in dishes, and were incubated in a 37°C and
5% CO, cell culture incubator overnight. Dishes were washed the next
day with autoclaved dH,O, dried in a biosafety cabinet, and kept in a
sterile cell culture incubator until use. Coverslips (1.5H; Deckglaser,
0117520) were also prepared using an identical protocol.

Cell culture. Primary neurons were dissected from E18 mouse em-
bryos. Pregnant mouse was killed with CO,, followed by cervical dislo-
cation. Embryos were removed and immediately placed in ice-cold HBSS
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(Thermo Fisher Scientific, 14065056). Hippocampi were dissected out of
embryos, washed twice in Ca 2*_and Mg 2% _free HBSS, and incubated in
EDTA-free trypsin (Thermo Fisher Scientific, 15050065) for 15 min.
Hippocampi were washed in trituration media twice, and then vigor-
ously pipetted up and down to dissociate the cells. The cell mixture was
pipetted through a 40 wm cell filter (Falxon, 352340), and then plated
onto glass-bottom dishes or coverslips at a density of 35,000 cells/cm>.
Trituration media was replaced by neuronal maintenance media consist-
ing of Neurobasal media (Thermo Fisher Scientific, 21103049), B27
(Thermo Fisher Scientific, 17504044 ), and GlutaMAX (Thermo Fisher
Scientific, 35050061). HEK293 cells were obtained from the Korean Cell
Line Bank. Neuro2A cells were obtained as a gift from Professor K. Kim
at POSTECH (South Korea). Cell lines were maintained in DMEM (In-
vitrogen) supplemented with penicillin/streptomycin (ThermoFisher
Scientific, 15070063) and 10% FBS (Millipore, Catalog #TMS-013-
BKR), in a cell culture incubator kept at 5% CO, and 37°C. Transfection
was performed on all cell types using Lipofectamine 2000 (Invitrogen).
For neurons, a total of 1.2 pg of plasmid DNA and 1 ul of Lipofectamine
2000, diluted in 100 wl Opti-MEM (ThermoFisher Scientific), was used.
DNA/Lipofectamine mixture was incubated together at room tempera-
ture for 20 min. During this time, approximately half of the cell culture
media was removed from the dish, and the transfection mixture was
added to the cells. Transfection was allowed to occur for 3 h, at which
point the media was removed, and a 50% mixture of old and new main-
tenance media was added back to the neurons. For other cell types, 2 ug
of plasmid DNA and 2 ul of Lipofectamine 2000, diluted in 200 wl
Opti-MEM, was used per dish. After 20 min of room temperature incu-
bation, the mixture was added, without any follow-up washout step.

Mitochondrial extraction. For mitochondrial extraction, HEK 293 cells
were trypsinized for 5 min at 37°C and harvested by centrifugation at
500 X gat 4°C. Harvested cells were washed twice with 1 ml of PBS, and
resuspended in 1 ml of ice-cold mitochondrial isolation buffer (200 mm
mannitol, 70 mm sucrose, 10 mm HEPES pH7.4, 1 mm EGTA, and pro-
tease inhibitor cocktail). Cells were homogenized by 50—60 strokes with
a douncer. Homogenized samples were centrifuged twice at 700 X g at
4°Cto collect supernatant containing intact mitochondria. The superna-
tant was centrifuged for 10 min at 10,000 X gat 4°C. The resulting pellet
is the mitochondrial fraction. The mitochondrial pellet was resuspended
in 100 ul of the mitochondrial isolation buffer for further analysis. For
proteinase K experiments, proteinase K (Roche, 3115828001) diluted
1:2000 in isolation buffer was added for 10 min on ice prior and washed
twice with ice-cold isolation buffer, before adhering mitochondria to
coverslips.

Plasmid preparation. shMCU and shMirol vectors were obtained from
Sigma-Aldrich (shMCU: TRCN0000251261; shMirol: TRCN0000326200).
Myc-Miro1 plasmid was obtained as a gift from Dr. Pontus Aspenstrom,
Karolinska Institute, Stockholm, Sweden. MCU was cloned using silver-
script III one-step RT-PCR kit (ThermoFisher Scientific, 12574018) in
pFLAG-CMV6B (Sigma-Aldrich) using primers 5'-CTGAATTCATA
TGGCGGCCGCCGCAGGTAG-3'" and 5 -GCTGGATCCTCATTCCTT
TTCTCCGATCTG-3". MCU was then subcloned into C-Flag (Addgene,
20011) and sfGFP-N1 (Addgene, 54737). TOMM20-Myc was cloned from
TOMM20-sfGFP, which was subcloned from mEos3.2-TOMM20-N-10
(Addgene, 57483). sfGFP was removed and Myc tag was added using the
primers 5-TCCGAGGAGGACCTGACCGGTGCGGCCGCGACTCTAG
ATCA-3" and 5'-GATCAGCTTCTGCTCAGGATCCCCGCTACCGCCT
TCCACATC-3'.

Immunocytochemistry. Mitochondria and cells were stained using
identical procedures. Isolated mitochondria were pipetted onto cover-
slips and allowed to adhere for 20 min. Mitochondria were fixed using
4% paraformaldehyde and 0.3% glutaraldehyde for 15 min. Free amines
were quenched using 1 mg/ml NaBH, for 10 min. Coverslips were per-
meabilized with 0.3% Triton X for 10 min, blocked in 1% BSA and 0.05%
sodium azide for at least 1 h. Coverslips were inverted and stained in
blocking buffer overnight at 4°C using the following antibodies: 1:500
anti-FLAG (Sigma-Aldrich, F7425), 1:400 anti-Myc (Santa Cruz Bio-
technologies, 9E10), 1:200 anti-TOMM?20 (Abcam, ab56783), and 1:400
cytochrome C (BD PharMingen, Catalog #556433). After staining, cov-
erslips were washed three times with PBST (0.1% Tween 20). Secondary
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staining was performed with Invitrogen Alexa antibodies (1:400) in
blocking buffer for 2 h. Coverslips were washed three times with PBST,
and mounted using Prolong Gold mounting reagent (ThermoFisher Sci-
entific, P36934). For examination of the role of calcium on MCU pro-
cessing, cells were transfected and incubated for 8 h, followed by addition
of 2 uM ionomycin for 10 min, immediately followed by fixation. For
endogenous MCU staining, 14 DIV primary neurons were fixed in
—20°C methanol for 30 min, followed by normal staining procedures.
We confirmed the knock-down of MCU in primary neurons using im-
aging analyses and found that shMCU decreased MCU level to 30% of
control. Although the transfection rate for primary neurons was low
(<1% per dish), imaging analyses allow us to selectively examine trans-
fected neurons.

Coimmunoprecipitation and Western blotting. Fourteen hours after
transfection cells are collected and lysed in 400 ul of RIPA buffer (50 mm
Tris-HCl, pH 7.4, 150 mum NaCl, 0.05% C,,H;,NaO,, 0.1% SDS, 1%
Triton-X, and protease inhibitor cocktail). Protein concentrations were
measured using the Bradford assay (Bio-Rad). One milligram of proteins
was rotated head-over-tail with 0.3 ul of anti-Flag antibody (F7425,
Sigma-Aldrich) or 1 ul of anti-Myc antibody (9E10, Santa Cruz Biotech-
nology) overnight at 4°C. The protein-Ab mixtures were rotated head-
over-tail with the protein A/G agarose beads (ThermoFisher Scientific,
20421) for 4 h at 4°C. The beads were washed with 1 ml of the RIPA buffer
and centrifuged for 5 min at 5000 X g at 4°C. The supernatant was
removed after centrifugation. This washing step was repeated five times.
For elution, 10 ul of RIPA buffer, 7 ul of 4X SDS loading dye, and 3 ul of
1M DTT was added into washed beads. Immunoprecipitated proteins are
eluted from beads by heating at 95°C for 15 min.

For Western blot analysis, proteins were separated on 12% SDS-gel
and transferred onto a PVDF membrane (IPVH00010, Millipore). After
blocking the membrane with 5% skim milk in TBST (0.01% Tween 20 in
TBS) for 1 h at room temperature, the membrane was incubated with
primary antibodies (anti-Flag Ab, 1:3000; Anti-Myc Ab, 1:1000) over-
night at 4°C. The membrane was washed 3 times with TBST for 10 min
and incubated with the secondary antibody for 90 min at room temper-
ature. The membrane was washed five times with TBST for 10 min at
room temperature. Imaging is performed using ImageQuant LAS 4000
(GE Healthcare).

Confocal microscopy. All confocal images were taken using a Zeiss LSM
780 confocal microscope. For live cell imaging, 37°C was maintained
using a (heating instrument), and axial stability was maintained using the
Zeiss Definite Focus z-correction hardware. Velocity measurements
were taken using a C-Apochromat 20X dry objective, and calcium
measurements were taken using a C-Apochromat 40X water-immersion
objective. All immunocytochemistry images were taken using a Plan-
Apochromat 63X/1.4 oil-immersion objective (Zeiss, 420782-9900-000)
at ~21°C. For FRET experiment preparation, AlexaFluor 488 served as
the donor, and AlexaFluor 555 served as the acceptor. Individual fixed
mitochondria were identified, and acceptor photo-bleached using a 561
nm laser over the course of 20 frames. For the FRET region-of-interest,
only the area occupied by the outer mitochondrial membrane was used.
All FRET efficiencies were calculated and normalized using the Zeiss
FRET analysis software package.

Calcium measurements. For calcium measurements, Mito-GEM-
GECO, cytoplasmic R-GECO, and the vectors of interest were trans-
fected into Neuro2A cells at least 2 d before experiments. Calcium
measurements were made using a C-Apochromat 40X/1.2 Water Corr
M27 objective (Zeiss, 421767-9970-000), at a frame of 1 frame every 7 s.
Baseline calcium measurements were made for at least 20 frames before
and following the addition of 2 um ionomycin. The subsequently in-
duced calcium spike was confirmed using cytoplasmic R-GECO. For
calcium measurements, the ratio of the blue and green emissions of
GEM-GECO was used to measure the calcium levels of mitochondria
over time. Data values were collected in ImageJ using the multiple posi-
tions plugin. Values collected from the cells in each dish was averaged,
and counted as a single replica to form the response curve. All experi-
ments were performed on at least 3 separate days and cell passages. To
calculate the relative change in calcium, the values in the frame 20 frames
preceding the addition of ionomycin (resting values) considered the ini-
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tial value and were used to set a baseline for the effect of ionomycin-
induced calcium spikes.

Velocity measurements. Velocity distributions were calculated as pre-
viously described (Niescier et al., 2016). Primary hippocampal neurons
were transfected at 4 DIV mito-dendra2 and the respective vector to be
tested. Cells were maintained until 13—17 DIV, at which point they were
used for experiments. Only one neuron per glass-bottom dish was im-
aged, and each dataset was collected from two to five independent
cultures.

To obtain mitochondrial velocities, mitochondria in the cell body
were photo-converted using a 405 nm laser, to make this subpopulation
of mitochondria convert to the RFP form of dendra2. A 708 wm X 708
um field-of-view was captured using a Plan-Apochromat 20X/0.8 objec-
tive (Zeiss, 420650-9901-000) for 60 min, at a rate of 1 frame every 15 s.
Data were imported into Fiji software, where the movement of the
photo-converted mitochondria was traced over the course of the time
lapse, providing a map of the axonal branches. A kymograph of axon
segments >200 wm from the cell body was drawn, and mitochondrial
velocity was calculated based on the slope of the line of mitochondria as
they travel within the kymograph. A velocity distribution histogram of
these data was generated using MATLAB, and the resulting histogram
was fitted into our derivation of the Fokker—Planck equation using Mi-
crosoft Excel. Kolmogorov—Smirnov test was performed using the Real
Stats Microsoft Excel plugin.

Statistics. Tukey’s, Dunnett’s, and Fisher’s LSD ANOVA, paired Stu-
dent’s ¢ test, and two-tailed Student’s ¢ test was performed using Graph-
Pad Prism.

Results

Physiological roles of MCU

We hypothesized that Mirol and MCU play a key role in regulat-
ing mitochondrial movement in axons (Saotome et al., 2008;
Chang et al., 2011). Previously, we established a new analytical
method for examining mitochondrial velocity in axons by trans-
fecting neurons with mito-dendra2, a photo-switchable fluores-
cent protein (Chudakov et al., 2007), and generating a velocity
distribution of photo-converted mitochondria as they leave the
cell body (Niescier et al., 2016). A modified Fokker—Planck equa-
tion is then fit to the distribution (Niescier et al., 2016). The
velocity distribution of mitochondria movement in the entire
axon provides a better representation of mitochondrial transport
in axons, by eliminating bias toward axon areas with minimal
movement activity. As predicted, reduction of MCU significantly
reduced the number of mitochondria leaving the cell body over
the course of 1 h in primary neurons (Fig. 1A—C). MCU knock-
down significantly reduced the overall velocity of mitochondria,
causing mitochondria to prematurely halt movement (Fig.
1B,D,E).

Next, we tested whether MCU modulates mitochondrial
Ca*" uptake. Neuro 2A cells with reduced levels of MCU were
transfected with the genetically encoded Ca®" indicators, R-
GECO and mito-GEM-GECO (Zhao et al., 2011). Baseline Ca>*
measurements were made for at least 100 s before and following
the addition of 2 um ionomycin, a Ca*>* ionophore. At low con-
centrations, this ionophore has been previously established to
selectively increase the plasma membrane’s permeability to
Ca?*, while not permeabilizing mitochondria (Mallilankaraman
etal., 2012). Ca*" elevation following ionomycin treatment was
confirmed using cytoplasmic R-GECO, and mitochondrial Ca**
uptake was monitored using mito-GEM-GECO (Fig. 1E-G). As
expected and previously shown (Baughman et al., 2011; De Ste-
fanietal., 2011), we found that MCU knockdown reduced mito-
chondrial Ca** uptake (Fig. 1 F,G).
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Figure1.  MCU and Miro1 regulate axonal mitochondrial transport and calcium influx. A, Neuro2A cells were transfected with either shctrl or shMCU in triplicate. Both the native upper and lower
band was normalized to tubulin, and quantified relative to shctrl. B, Kymograph of anterograde mitochondrial movement in control and MCU knockdown conditions. Mitochondria expressing
Mito-dendra in the cell body was photoconverted to red color to allow visualization of mitochondrial movement originating from the cell body. Green signals mark mitochondria already present in
the axon. ¢, Number of mito-dendra2 photoconverted mitochondria leaving the cell body over the course of 1 h. *p < 0.002, one-way ANOVA uncorrected Fisher’s (Figure legend continues.)
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MCU and Mirol interact biochemically

Our result showing that MCU regulates mitochondrial velocity
suggest that this protein and Mirol may exist in a single regula-
tory complex. To test this hypothesis, we first performed an im-
munoprecipitation assay. Because MCU and Mirol are found in
the both the outer and inner mitochondrial membrane, we used
stringent RIPA buffer to completely solubilize the membranes,
and provide an environment that would promote conformation
of the transmembrane helices in solution (Montserret et al.,
2000). Analysis of HEK cells transfected with MCU-Flag and
Myc-Mirol confirmed the presence of a biochemical relationship
between these two proteins (Fig. 2A). We also detected that Myc-
Mirol and MCU-Flag were colocalized in axons of primary hip-
pocampal neurons (Fig. 2B). Interestingly, we noted that MCU
migrated as two bands on the Western blot. Furthermore, Mirol
displayed a significant bias toward coimmunoprecipitating with
the upper 40 kDa band of MCU (Fig. 2A). It is understood that
MCU possesses a cleavable N-terminal domain, which suppos-
edly guides its localization to mitochondria. However, Miro1’s
preferential binding to the 40 kDa band suggests that this
N-terminal domain may have a different role. Thus, we investi-
gated whether MCU’s N-terminal domain is indeed required for
MCU mitochondrial localization, or whether it plays a different
role. Previous analysis using MITOPROT software (Claros and
Vincens, 1996) predicted a likely mitochondrial targeting se-
quence (MTS) in this domain (p = 0.976). However, we found
that the recently developed targeting sequence software Mito-
Fates (Fukasawa et al., 2015) does not predict the presence of an
N-terminal targeting sequence in MCU (p = 0.253; Fig. 2C). The
N-terminal domain of MCU lacks the putative positively charged
amphipathic a helix that marks a mitochondrial targeting se-
quence (von Heijne, 1986). To test this experimentally, if the
N-terminal domain plays a role in mitochondrial localization, we
expressed a mutant of MCU without the putative N-terminal
MTS [MCU(A2-57)-Flag; Martell et al., 2012] in primary neu-
rons (Fig. 2D). MCU(A2-57)-Flag still exhibited colocalization
with Mirol in axons, suggesting that this N-terminal domain is
dispensable for mitochondrial localization. We also constructed
a vector that only has the N-terminal domain of MCU fused to
superfolder GFP [MCU(1-57)-sfGFP] to test its capability to
guide a protein to mitochondria. Transfection of this vector into
HEK cells and primary hippocampal neurons revealed that sfGFP
is located in the cytoplasm rather than mitochondria (Fig. 2E, F),
suggesting that the N-terminal domain of MCU is not sufficient
to direct MCU localization into mitochondria. Together, these
indicate that Miro1 preferentially interacts with the 40 kDa size of
MCU and the N-terminal domain of MCU does not function as
MTS.

If the N-terminus of MCU is not required for mitochondrial
localization, is it required for interaction with Miro? To explore
this possibility, we performed immunoprecipitation analysis us-
ing HEK cell extracts containing either MCU-Flag or MCU(A2-
57)-Flag, and Myc-Mirol. MCU-Flag or MCU(A2-57)-Flag was

<«

(Figure legend continued.) ~ LSD. Tukey's box plot profile is shown. D, Anterograde velocity
distribution of axonal mitochondria, fitted to a Fokker—Planck equation. E, Cumulative proba-
bility graph derived from the data in B. *p << 2E—05, tested for statistical significance by
Kolmogorov—Smimov test. N = shctrl: 9 neurons, shMCU: 12, shMiro1: 7. F, Analyses of Ca> ™
influx into mitochondria using Neuro2A cells. Cells expressing Mito-GEM-GECO, R-GECO, and
either shctrl or shMCU were exposed to 2 wm ionomycin. G, Quantification of the Mito-GEM-
GECO ratio the first frame after ionomycin was added to cells. **p << 0.0005, one-way ANOVA
Dunnett’s multiple-comparisons test. Tukey’s box plot profile is shown.
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immunoprecipitated using Flag antibody, and interaction
with Mirol was detected by Myc antibody. Figure 3A clearly
demonstrated that deletion of MCU’s N-terminus eliminated
the interaction between MCU and Miro1, confirming that the
N-terminus of MCU is essential for interaction with Mirol.

An issue with the possibility of an interaction between Mirol
and MCU is that they are outer and inner mitochondrial proteins,
respectively, and the current putative topology of these proteins
suggests that there are few possible areas that could host such an
interaction. To better investigate interaction between Miro1l and
MCU in mitochondria, we attached a Flag tag to either the
N-terminus or the C-terminus to MCU, and examined its local-
ization. Flag-MCU and MCU-Flag are both present in mitochon-
dria, but showed subtle difference in their relative distribution
within mitochondria and colocalization with Myc-Mirol (Fig.
3B). To better delineate protein localization within mitochondria
subregions, we extracted mitochondria from HEK cells. Ex-
tracted mitochondria lose their putative oblong shape and turn
into flat spheres (Ishihara et al., 2004), but the outer mitochon-
drial membrane remains intact and is resolvable from other mi-
tochondrial components. Consistent with a previous report
(Martell etal., 2012), MCU-Flag signal localized within the inter-
nal area of the mitochondrion and did not well overlap with
Mirol location, confirming that the C-terminus of MCU is lo-
cated inside the mitochondrial matrix. In contrast, Flag-MCU
showed excellent colocalization with Myc-Mirol, showing that
the N-terminus of MCU is stably localized to the outer mitochon-
drial membrane (Fig. 3C).

Although the N-terminus of MCU appears to colocalize with
the outer mitochondrial membrane, it is unclear whether it is
present on the inside or outside of this membrane. Topology
analysis shows a potential transmembrane domain at the 18-38
position of MCU, as well as a hydrophobic patch at the 1-13
position (Fig. 2C), providing a plausible area for MCU to interact
with this area. To further delineate whether MCU’s N-terminus is
located in the outer mitochondrial membrane or present in the
inter membrane space of mitochondria, we treated extracted mi-
tochondria with proteinase K, which selectively digests compo-
nents located on the cytoplasmic side of the outer mitochondrial
membrane, but does not act on proteins in the inter membrane
space or the matrix (Fig. 3D). TOMM?20 was efficiently digested
by proteinase K treatment, whereas cytochrome C (located
within the inter membrane space) and Mito-GFP were not af-
fected (Fig. 3D, E). We also found that the Flag-MCU signal was
completely eliminated upon treatment of proteinase K (Fig.
3D, E), confirming that the N-terminus of Flag-MCU is located
on the cytoplasmic side of the outer mitochondrial membrane.
This model is consistent with the presence of a transmembrane
domain within the N-terminus region as predicted by TMBASE
(Hofmann and Stoffel, 1993), as well as a hydrophobic patch at
the tip of the domain (Fig. 2C). Note that we also measured the
Feret’s minimum diameter of our extracted mitochondria, which
examines the smallest possible diameter of a particle in an image,
to ensure that there is no abnormal swelling of mitochondria
following different treatment conditions. Our analysis of Mito-
GFP signal showed that this diameter of mitochondria was an
average of 1.1 um in all conditions. This is in agreement with
manually measured diameter of intact mitochondria imaged
with TEM (Franko et al., 2013), though the reduced resolution
found with confocal microscopy compared with TEM can give
mitochondria a slightly larger appearance.
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Figure2. MCU interacts with Miro1. A, MCU-Flag and Myc-Miro1 were coimmunoprecipitated using Flag or Myc antibody, and then blotted with indicated antibody, respectively. MCU-Flag and
Miro-1 show interaction, but Myc-Miro1 preferentially immunoprecipitates unprocessed MCU. B, Images of MCU-Flag with Myc-MiroT in axons of hippocampal primary neurons. Scale bar, 5 m.
The graph below shows the profile plot of the axon above, demonstrating colocalization of MCU-Flag with Myc-Miro1. ¢, Domain map of MCU, showing a predicted transmembrane domain and
hydrophobic patch in the putative MTS. D, MCU(A2-57)-Flag is sufficient to colocalize with Myc-Miro1in primary axons. Scale bar, 5 wm. E, F, The MTS of MCU coupled to sfGFP (MCU(1-57)-sfGFP)
is not sufficient to direct localization of sfGFP to mitochondria in HEK cells and primary hippocampal axons. Scale bar, 10 wm.
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Interacting domains between MCU and Mirol domains of MCU also modulate its interaction with Mirol. We
Having demonstrated that the N-terminus of MCU is facing the  tested the possibility that the dime motif of MCU regulates
cytosolic side of mitochondria and is required for its interaction =~ MCU-Mirol interaction, as the dime motif is predicted to proj-
with Mirol, we next explored the possibility that other functional ~ ect into the mitochondrial inter membrane space and is impor-
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Figure 4.  Domain mapping of the interaction between MCU and Miro1. 4, Mutations on the dime motif of MCU (EYSW 2% to 27AAAA % or 26TDIME 2% to 26"AAAA2%*) did not affect the
interaction between MCU and Miro1. B, MCU did not interact with Myc-Miro1 without transmembrane domain, but still immunoprecipitated Myc-MiroT lacking 3 aa (°"*KQR ¢8). €, FRET analysis
of Myc-Miro1 and Flag-MCU showed a significantly higher FRET efficiency compared with that of TOMM20-Myc and Flag-MCU. Mutation on the dime motif of MCU (2*EYSW 2%° to 257 AAAA 2°) did
not affect Myc-Miro1 binding, while elimination of MCU's N-terminal domain [Flag-MCU(A2-57)] or adding Ca > significantly reduced interaction with Myc-Miro1. N = Flag-MCU + TOMM20-
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0.02 one-way ANOVA, uncorrected Fisher's LSD test. Tukey's box plot profile is shown. B, Velocity distribution of axonal mitochondria fitted to a derived Fokker—Planck equation. ¢, Cumulative
probability graph derived from the data in B. *p << 0.0002, tested for statistical significance by Kolmogorov—Smirnov test. N = shctrl: 9 neurons, shMCU: 12, shMCU + MCU(A2-57)-Flag: 7,
shMCU + MCU-Flag: 5. DF, Analysis of Ca 2 influxinto mitochondria using Neuro2A cells. Cells expressing Mito-GEM-GECO, R-GECO, and either shctrl, shMCU, shMCU + MCU-Flag (D), or shMCU,
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tant for Ca*>* pore formation (Baughman et al., 2011; Fig. 4A).
To this end, we altered several amino acids in the dime motif
(257EYSWz60 to 257 A A A 5260 or 261DIME264 to 2615 A A 5264).
However, these mutant MCU proteins were still able to find to

<«

(Figure legend continued.) ~ Myc-Miro1: 23 mitochondria. Scale bar, 1 um. *p << 0.0001. Tukey's
box plot profile is shown. D, Ca® " elevation alters MCU-Miro1 interaction. MCU expression vector
dually tagged in the N-terminus (Flag) and the C-terminus (sfGFP), respectively, was prepared and
used to investigate localization of these tags after treating cells with 2 v ionomycin for 10 min. The
R? correlation between Flag and sfGFP was compared between paired samples with or without ad-
dition of 2 umionomycin. N = 5 experiments, *p = 0.0171. E, HEK cells transfected with MCU-Flag
were treated with 2 mionomycin as shown above and then blotted for Flag. Graph shows theratio of
the full-length MCU band (top band) to the processed MCU (bottom band). N = 7 experiments,
**p = 0.0094. Tukey's boxplot profile is shown.

Mirol, suggesting that the dime motif is not involved in MCU-
Mirol interaction (Fig. 4A). Next, we examined the regions
on Mirol required for its interaction with MCU. We prepared
two different constructs: (1) Myc-Mirol lacking transmembrane
domain and (2) Myc-Mirol without the last 3 aa ( *'°KQR °'%; Fig.
4B). Immunoprecipitation assay using Flag antibody and detec-
tion with Myc antibody revealed that Miro1 transmembrane do-
main is required for its interaction with MCU.

To verify interaction between MCU and Mirol in the mito-
chondria, we performed FRET using acceptor-photobleaching
with isolated mitochondria (Fig. 4C). Myc-Miro1 and Flag-MCU
have a significantly higher FRET efficiency compared with that of
TOMM20-Myc and Flag-MCU, supporting the claim that Miro1l
interacts with MCU. Furthermore, consistent with results shown
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MCU-MiroT interaction prevents MCU's Ca>* influx capability. 4, The mutant MCU ("R to Aand S to A) binds to MiroT, butit cannot be cleaved. B, €, Cells containing the mutant MCU

showed that Ca®* influx was significantly reduced after ionomycin treatment. *p << 0.01, ****p << 0.0001. One-way ANOVA Dunnett’s multiple-comparisons test. Tukey’s box plot profile is shown.
N = shctrl: 12 neurons, shMCU: 12, shMCU + MCU-Flag: 11, shMCU + MCU(A2-57)-Flag: 12, shMCU + MCU(mut1)-Flag: 8, shMCU + MCU(R7A,S8A)-Flag: 12. D, Neurons expressing the mutant
MCU showed extremely small number of mitochondria leaving the cell body, which made difficult to measure proper mitochondrial velocity in axon. *p << 0.01, ****p << 0.0001. One-way ANOVA
Dunnett’s multiple-comparisons test. Tukey’s box plot profile is shown. N = shctrl: 9 neurons, shMCU: 12, shMCU + MCU-Flag: 8, shMCU + MCU(A2-57)-Flag: 5, shMCU + MCU(R7A,S8A)-Flag: 5.

in Figure 4A, the dime motif mutations did not affect the MCU-
Mirol interaction in isolated mitochondria (Fig. 4C). In contrast,
deletion of the N-terminus of MCU significantly reduced the
FRET signal (Fig. 4C).

Having demonstrated that MCU’s N-terminus interacts with
Mirol, we next asked whether Ca*™ elevation alters MCU-Miro1
interaction. MCU is present in two different forms, and Mirol
preferentially binds to the 40 kDa size of MCU in mitochondria
(Fig. 2A). Thus, we hypothesized that high cytosolic Ca*" levels
would stimulate cleavage of the N-terminal domain of MCU,
disrupting MCU-Miro] interaction to facilitate uptake of Ca*"
into mitochondria through MCU. To test this hypothesis, we
prepared the MCU expression vector dually tagged in the
N-terminus (Flag) and the C-terminus (sfGFP). Next, we inves-
tigated the location of these tags before and after treatment with 2
uM ionomycin for 10 min (Fig. 4D). Figure 4D demonstrates that
both Flag and GFP tags showed clear colocalization in mitochon-
dria before ionomycin treatment. Strikingly, the N-terminus Flag

tag was distributed to the cytoplasm, whereas C-terminal sfGFP
signal remained in mitochondria after ionomycin treatment, im-
plying that Ca®" elevation initiates cleavage of the N-terminus of
MCU to abrogate its interaction with Mirol. Furthermore, the
intensity of MCU bands on the Western blot showed a decrease in
the amount of unprocessed MCU following exposure to ionomy-
cin (Fig. 4E). Together, these data support a model in which Ca**
elevation triggers proteolytic cleavage of MCU, thus disrupting
interaction between MCU and Mirol.

Mirol-MCU interaction is essential for mitochondrial
transport in axons

Although MCU and Mirol have been shown to be essential for
both mitochondrial transport and Ca?" influx (Fig. 1), it is not
known what role their interaction plays in these functions. To
examine the possibility of a functional relationship, we tested
whether abnormal mitochondrial movement and Ca*" influx in
cells expressing shMCU can be restored by expressing either
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MCU-Flag or MCU(A2-57)-Flag (Fig. 5A). MCU has been
shown to integrate normally into the uniplex complex with or
without the presence of the N-terminus in artificial membranes
(De Stefani et al., 2011), and our results show that MCU(A2-57)-
Flag integrates into axonal mitochondria (Fig. 2D), similar to
wild-type MCU-Flag (Fig. 2B) but does not interact with Mirol.
Whereas expression of MCU-Flag was able to rescue the reduced
velocity caused by MCU reduction, overexpression of MCU(A2—
57)-Flag remained significantly slower compared with control
(Fig. 5B, C). MCUA2-57-Flag was also unable to rescue the total
number of mobile mitochondria (Fig. 6D). Conversely, MCU-
Flag or MCUA2-57-Flag expression was able to rescue Ca** in-
flux to that of control (Figs. 5C-D). Together, these results imply
that the N-terminal domain of MCU that interacts with Mirol1 is
required for mitochondrial transport; however, the interaction
does not play a role in stimulating uniplex activity of Ca*™ influx
into mitochondria.

To further investigate the importance of the MCU amino ac-
ids within the membrane, we generated a mutant MCU that has
mutations on two different amino acids in the N-terminus ('R to
Aand ®Sto A), because it is known that arginine in the membrane
side of a protein plays an important role by carrying charge (Hris-
tova and Wimley, 2011). Because this mutant MCU cannot be
cleaved (Fig. 6A), we used it to address the functional significance
of MCU cleavage: whether it is important for Ca*" influx or
mitochondrial movement. Cells containing the mutant MCU
(MCURA584) displayed significantly reduced Ca®" influx fol-
lowing ionomycin treatment (Fig. 6B,C), suggesting that the
cleavage and disassociation of MCU and Mirol is required for
efficient Ca®" influx through MCU. We also noticed that neu-
rons expressing the mutant MCU (MCU ®74584) showed dramat-
ically reduced number of mitochondria leaving the cell body (Fig.
6D), which made it difficult to measure proper mitochondrial
transport in axon. It is plausible that the MCU mutant acts as a
dominant-negative form that interferes with the normal MCU-
Mirol interaction required for mitochondrial movement.

Discussion

Here, we provide evidence that MCU plays critical roles in regu-
lating mitochondrial Ca** influx and axonal transport. We have
shown that MCU interacts with Mirol, a protein located in the
outer mitochondrial membrane (Fransson et al., 2006), through
an alternative use of its putative N-terminal mitochondrial tar-
geting domain. This N-terminal domain of MCU is neither suf-
ficient nor necessary for its localization. We report that MCU and
Mirol interaction is required for efficient mitochondrial trans-
port in axons, but not for mitochondrial Ca?" influx. We also
show that the N-terminus of MCU can be cleaved, and its cleav-
age is required for mitochondrial Ca** influx.

An important issue in this study is the endogenous expression
level of the larger interacting form of MCU, which we propose is
responsible for regulation of mitochondrial transport, compared
with the transport machinery of mitochondria. Although it is
true that the majority of this protein is in the cleaved formation,
we do not believe that this excludes this form from having a
biological purpose regarding transport. MCU forms a pentam-
eric pore to conduct calcium influx (Oxenoid et al., 2016), and
our model only requires a single MCU protein out of five to
remain unprocessed. In addition, the majority of mitochondria
in a typical neuron are stationary, and only 20-30% of mitochon-
dria are mobile (Chang et al., 2011; Nguyen et al., 2014; Lopez-
Doménech et al., 2016), meaning that the majority of the MCU in
a given neuron will be in its processed form. The total number of
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mobile mitochondria also decreases as the neuron matures
(Chang and Reynolds, 2006; Faits et al., 2016), which would re-
sultin alowered presence of the larger MCU form. Altogether, we
find that the unprocessed form’s reduced presence does not ex-
clude it from being a functional domain. Another issue that arises
is the quantity of MCU compared with the transport machinery
in mitochondria. Although the total number of motors on a typ-
ical mammalian mitochondrion remains unknown, a study using
giant amoeba Reticulomyxa found 1-4 motors per mitochon-
drion in vivo (Ashkin et al., 1990). However, it should be noted
that these mitochondria are much smaller compared with those
found in mammalian tissue, and it is likely that this number
underestimates what is found in other organisms. Interestingly,
MCU particles found using super-resolution imaging techniques
have also revealed a surprisingly low number of channels per
mitochondrion (De La Fuente et al., 2016), a number that may
correlate with the number of motor complexes present on the
outer mitochondrial membrane of a moving mitochondrion.

We propose that (1) MCU-mirol interaction maintains mi-
tochondrial transport in axons; (2) cytoplasmic Ca** elevation
triggers the cleavage of the N-terminus of MCU, leading to dis-
sociation of MCU-Miro interaction; 3) disrupting the interac-
tion between MCU and Mirol negatively impacts mitochondrial
movement but promotes efficient Ca** entry into mitochondrial
matrix. The role of Ca*" in the cleavage of MCU’s N-terminal
domain, as well as the role of the Mirol yeast ortholog gem1 on
interaction with the ER (Kornmann et al., 2011), also alludes that
these proteins may have a more intertwined role in Ca** regula-
tion. It will be interesting to examine in the future mechanisms
regulating cleavage of MCU, identify the enzyme responsible for
the cleavage of MCU, as well as understand how a disruption in
MCU and Mirol interaction promotes Ca** entry. In summary,
we have found that Miro1 is a novel component of the mitochon-
drial Ca** uniplex, and demonstrate that coupling between
MCU and Mirol is a novel mechanism modulating mitochon-
drial transport.
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