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Mitochondrial calcium homeostasis plays critical roles in cell survival and
aerobic metabolism in eukaryotes. The calcium uniporter is a highly selec-
tive calcium ion channel consisting of several subunits. Mitochondrial cal-
cium uniporter (MCU) and essential MCU regulator (EMRE) are core
subunits of the calcium uniporter required for calcium uptake activity in
the mitochondria. Recent 3D structure analysis of the MCU-EMRE com-
plex reconstituted in nanodiscs revealed that the human MCU exists as a
tetramer forming a channel pore, with EMRE bound to each MCU at a
1 : 1 ratio. However, the stoichiometry of MCU and EMRE in the mito-
chondria has not yet been investigated. We here quantitatively examined
the protein levels of MCU and EMRE in the mitochondria from mouse tis-
sues by using characterized antibodies and standard proteins. Unexpect-
edly, the number of EMRE molecules was lower than that of MCU,;
moreover, the ratios between MCU and EMRE were significantly different
among tissues. Statistical calculations based on our findings suggest that a
MCU tetramer binding to 4 EMREs may exist, but at low levels in the
mitochondrial inner membrane. In brain mitochondria, the majority of
MCU tetramers bind to 2 EMREs; in mitochondria in liver, kidney, and
heart, MCU tetramers bind to 1 EMRE; and in kidney and heart, almost
half of MCU tetramers bound to no EMRE. We propose here a novel stoi-
chiometric model of the MCU-EMRE complex in mitochondria.

Mitochondrial calcium homeostasis is crucial for cell
survival and aerobic metabolism in eukaryotes [1-3].
However, excessive Ca®* accumulation in mitochon-
dria permeabilizes their inner membrane [4]. This phe-
nomenon, referred to as permeability transition, results
in cell death via processes such as apoptosis and
necrosis [5-7], leading to different diseases [8,9]. The

Abbreviations

mitochondrial calcium uniporter (MCU), located in
the mitochondrial inner membrane, is a highly selective
ion channel for Ca®* uptake from the intermembrane
space into the mitochondrial matrix [4,10,11]. In this
decade, the molecular composition of the calcium uni-
porter complex was uncovered and found to consist of
the MCU [12,13]; mitochondrial calcium uptake

AB, antibody; CBB, Coomassie brilliant blue; EM, electron microscopy; EMRE, essential MCU regulator; MCU, mitochondrial calcium
uniporter; MCURT1, mitochondrial calcium uniporter regulator 1; MICU1, mitochondrial calcium uptake protein 1; MTS, mitochondrial

targeting signal.
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proteins 1, 2, and 3 (mitochondrial calcium uptake
protein 1 (MICU1), MICU2, and MICU3) [14,15];
mitochondrial calcium uniporter regulator 1 (MCURI1)
[16]; an MCU isoform (MCUDb) [17]; and essential
MCU regulator (EMRE) [18]. The MCU oligomer
forms a channel pore [12,13,17]. MICU isoforms func-
tion cooperatively as regulatory factors of Ca®* uptake
by the MCU [3,19,20]; in addition, MICUI is also
related to Ca”" selectivity [21]. MCURI has been
reported to contribute to the stability of the MCU-
EMRE oligomer and to control the Ca®* threshold
[22,23]. EMRE is essential for MCU-dependent Ca**
uptake, at least in mammalian mitochondria
[18,24,25]; however, the reasons for its importance are
not yet sufficiently understood.

Although the calcium uniporter is conserved in
humans to worms, yeast lack mitochondrial calcium
uptake activity. In a previous study, various subunits
of mammalian calcium uniporter were expressed in
yeast mitochondria [25]. As a result, although the
expression of each subunit alone did not affect the
mitochondrial calcium uptake activity, the co-
expression of MCU and EMRE enabled reconstitution
of calcium uptake activity in yeast mitochondria [25].
This finding indicated that MCU and EMRE are key
factors for the calcium uptake activity in mitochon-
dria. To reveal the molecular mechanisms for the
highly selective calcium transport, some independent
groups analyzed the 3D structure of fungus MCUs
[26-29]. In the structures revealed from these studies,
the MCU tetramer formed a channel pore, and 4
DxxE motifs in the MCU tetramer formed an ion-
selective filter at the pore entrance. Moreover, Wang et
al. recently expressed human MCU and EMRE in
insect cells; and a mixture of these recombinant pro-
teins were functionally reconstituted on lipid-bilayer
nanodiscs [30]. The analysis of these discs by cryo-
electron microscopy revealed that, like fungus MCU s,
human MCU was also observed as a channel pore-
forming tetramer, with EMRE bound to each MCU at
a 1:1 ratio. In the MCU-EMRE complex structure,
the amino-terminal regions of EMREs, which pro-
jected in matrix side, fixed the gate regions of the
MCU tetramer in the open state. This 4 : 4 model of
MCU-EMRE complex also corresponded to the previ-
ous biochemical findings about MCU and EMRE
obtained by topology analysis and mutation studies
[17,25,31,32].

In ion channels, the stoichiometry of subunits form-
ing an ion channel often lead to changes in the proper-
ties of the ion channel. For example, in the Kv4.2
potassium ion channel in the plasma membrane, the
number of KChIP subunits binding to a Kv4.2
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tetramer affects the properties of potassium ion trans-
port: the stoichiometry of Kv4.2 and KChIP affects
the recovery rate from inactivated ion channels [33].
Based on such a report, the stoichiometry of MCU
and EMRE could possibly be related to the activity
and the properties of mitochondrial calcium uptake.
However, the stoichiometry of MCU and EMRE in
the mitochondria has not yet been investigated.

In this study, we established a quantitative analysis
system of MCU and EMRE in mitochondria isolated
from various mouse tissues and cultured cells by using
antibodies and standard proteins. Using this system,
we revealed the protein amounts of MCU and EMRE
in various mitochondria and proposed a stoichiometry
model of the MCU-EMRE complex in the mitochon-
dria. Finally, we discussed the relationships between
our quantitative data and the previously reported
mitochondrial calcium uptake activity.

Materials and methods

Materials

pET expression system 3 (code 69410-3) was purchased
from Novagen, Inc. (Madison, MI, USA); and maleimide-
activated keyhole limpet hemocyanin (code 77606), from
Pierce Biotechnology, Inc. (Rockford, IL, USA). An ECL
kit (code RPN2106) and anti-rabbit IgG-conjugated peroxi-
dase (code NA934-1ML) were obtained from GE Health-
care Life Science (Bucks, UK). Polyclonal antibody against
human MCU (code HPA016480) was purchased from
Sigma-Aldrich Japan (Osaka, Japan). Polyclonal antibody
against human EMRE (code sc-86337) was obtained from
Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). HeLa
cells were procured from the JCRB (Japanese Collection of
Research Bioresources) Cell Bank. Dulbecco’s modified
Eagle’s medium (code 05919) was purchased from Nissui
(Tokyo, Japan).

Preparation of mitochondria from mouse tissues
and Hela cells

Mitochondria were isolated from various tissues of 11-
week-old male Slc:ddY mice, as described previously done
with rat tissues [34]. The tissues were minced in +EDTA
medium (250 mm sucrose, 2 mMm Tris—=HCI, 1 mm EDTA;
pH 7.4) and then homogenized at low speed in a chilled
Potter-Elvehjem homogenizer. This homogenate was subse-
quently centrifuged for 5 min at 800 g at 4 °C to remove
nuclei, erythrocytes, unbroken tissue cells, and debris, after
which approximately three-quarters of the supernatant was
transferred to new tubes and centrifuged under the same
conditions. The resulting supernatant was centrifuged for
10 min at about 6800 g. The obtained crude mitochondrial
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pellet thus obtained was resuspended in +EDTA medium
and centrifuged under the same conditions. The resulting
pellet was resuspended and centrifuged for 10 min at
17,400 g, and the subsequent pellet was resuspended and
centrifuged under the same conditions except that EDTA
medium (250 mm sucrose, 2 mm Tris—-HCI, pH 7.4) was
used.

Mitochondria were isolated from cultured HeLa cells in
reference to Schmitt et al. [35]. HeLa cells (8 x 10°) were
cultured in Dulbecco’s modified Eagle’s medium for 3 days.
The cells were then washed in isolation medium (300 mm
sucrose, 5 mm Tris=HCI, 200 uym EGTA; pH7.2). After cen-
trifugation of the harvested cells for 5 min at 9000 g, the
pellet was resuspended and homogenized in a chilled
Potter-Elvehjem homogenizer. The homogenate was subse-
quently centrifuged for 10 min at 800 g. The supernatant
was transferred to new tubes and centrifuged for 10 min at
9000 g, and the subsequent pellet was resuspended in isola-
tion medium.

Mitochondrial protein concentrations were determined
by performing the bicinchoninic acid assay with bovine
serum albumin used as a standard.

Generation of MCU knockout cells and EMRE
knockout cells by the CRISPR/Cas9 method

MCU knockout cells and EMRE knockout cells were gen-
erated by using the CRISPR/Cas9 method reported previ-
ously [36]. Briefly, each single guide RNA (sgRNA) was
designed to target the human MCU gene within its exon3
and the human EMRE gene within its exon 1. Specifically,
the nucleotide sequences for these sgRNAs were as follows:
MCU-sgRNA, 5-TCCCGGCGTGAACGCTGTCA; EMRE-
sgRNA, 5¥-GGCTAGTATTGGCACCCGTC.

These sequences were cloned into a sgRNA vector,
pSpCas9(BB)-2A-Puro (Addgene, #48139). HeLa cells were
transfected with these plasmids, and the cells were incu-
bated in medium containing 2 ug-uL~' puromycin. After
that, by picking up single colonies, the knockout clones
were obtained. The cells were genotyped by using PCR and
DNA sequencing.

Preparation of expression vectors and yeast
transformants

To prepare the expression vectors, we used pYO326/TDHp
(URA3 [or LEU2]), which is a multicopy vector with a
glyceraldehyde-3-phosphate dehydrogenase (TDH) pro-
moter and URA3 (or LEU2) as a selection marker gene
[25]. Mouse EMRE (Uniprot ID: Q9DB10) and the codon-
optimized mouse MCU, which was synthesized as described
in our previous report [25], were used as templates of
EMRE and MCU. MYC-tagged EMRE and FLAG-tagged
MCU, both tagged at their C terminus, were inserted into

Stoichiometry of MCU and EMRE in mitochondria

the Ndel site and BamHI site of pYO326/TDHp (URA3)
and pYO326/TDHp (LEU2), respectively. Deletion mutants
of EMRE were prepared by PCR using each primer set
shown in Table S1. Wild-type yeast were transformed by
the plasmids by using the lithium acetate transformation
method. The yeast cells were incubated in SD medium lack-
ing uracil or leucine for yeasts transformed with pY0326/
TDHp(URA3) or pYO326/TDHp(LEU?2), respectively.

Preparation of antibodies

Polyclonal specific antibodies against mouse MCU (Uni-
prot ID: Q3UMRS) and mouse EMRE (Uniprot ID:
QI9DBI10) were prepared as described previously [37]. Anti-
bodies against mouse MCU and EMRE were also raised
by injection of synthetic peptides into adult New Zealand
white rabbits. Amino acid sequences of these peptides used
as immunogens were APLEKVRIEISRKAEKRTT (amino
acids 214-232 of mouse MCU, Fig. 1A), KGAKKSRF-
DLEKYNQLKDA (amino acids 304-322 of mouse MCU,
Fig. 1A), and NQLKDAIAQAEMDLKRLRDPLQVHL
(amino acids 317-341 of mouse MCU, Fig. 1A). These pep-
tides were conjugated to keyhole limpet hemocyanin, then
emulsified with Freund’s adjuvant, and injected into rab-
bits. Whole blood was obtained 10 days after the final
booster shot and was allowed to stand at room temperature
for 1 h and then overnight at 4 °C. The blood clot was
removed by centrifugation at 5000 g for 10 min at 4 °C,
and the resulting supernatant was used as an antiserum
without further purification.

Polyclonal specific antibody against mouse EMRE was
prepared by the same method as used for the mouse MCU.
Amino acid sequence of the injected synthetic peptide used
as the immunogen was VIVIRSGAILPKPVKMS (amino
acids 48-64 of mouse EMRE, Fig. 1B).

Preparation of recombinant proteins of MICU

Codon-optimized mouse MCU, which was synthesized as
described in our previous report [25], was used as the tem-
plate for the recombinant protein Mature-form mouse
MCU (His51-Glu350) was amplified by PCR using forward
primer 5- AAAAAAACATATGCACCAGAGGCCGGCT
TCCTG and reverse primer 5-GTAGGATCCTCATTCCT
TTTCTCCGATC. The MCU cDNA was inserted into the
Ndel site and BamHI site of pET-3a. Escherichia coli
BL21(DE3) pLysS cells were transformed with the obtained
plasmids. For expression of MCU protein, E. coli transfor-
mants were incubated in LB medium containing ampicillin
and chloramphenicol at 37 °C until the ODgg of the med-
ium had reached 0.5. Isopropyl thio-p-D-galactoside
(0.4 mm) was then added to induce expression of the
recombinant protein, after which incubation was continued
at 22 °C for 4 h. Then, the cells were harvested by centrifugation
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Fig. 1. Evaluation of immunoreactivities of antibodies against MCU and EMRE. (A), Upper: Domains/motifs of mouse MCU. MTS,
mitochondrial transit sequence (Met1-Thr49); NTD, N-terminal domain (Val74-Arg164); CC, coiled-coil domain (lle191-Arg220 for CC1,
Arg310-GIn338 for CC2); TM, transmembrane region (Leu233-Glu256 for TM1, Val265-Val282 for TM2). Schematic representation of
epitopes of antibodies against mouse MCU; ABnmcul, ABmcu2, ABmcu3. ABwmcué: the location of each epitope is shown by the bold line.
Lower: the mitochondria isolated from mouse brain and Hela cells (5.0 and 10.0 ug-lane™, respectively) were subjected to SDS/PAGE
followed by CBB staining and immunoblotting using each MCU antibody. Mature MCU is shown by arrows; the bands formed by
nonspecific reactions of the antibodies are indicated by asterisks. (B), Upper: Domains/motifs of mouse EMRE. MTS, mitochondrial transit
sequence (Met1-Serd7); TM, transmembrane region (Phe65-11e84 for TM). Schematic representation of epitopes of antibodies against
mouse EMRE; ABgmprel Lower: immunoblots using each EMRE antibody and CBB staining; mature EMRE is shown by the arrow. (C),
Immunoblot of the mitochondria isolated from wild-type (WT) HelLa cells, MCU-knockout Hela cells, and EMRE-knockout Hela cells
(10.0 pg-lane™" of each), obtained by using ABycul and ABgwre2. As a loading control, human OXATL was detected with anti-OXA1L
antibody (Santa Cruz, sc-136011).
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followed by resuspension of the cell pellet in 10 mm Tris—
HCI (pH 8.0) containing 1 mm EDTA (pH 7.8, TE), to
which was added 10 mwm dithiothreitol and 4% Triton X-
100. The cell suspension was freeze-thawed and sonicated.
After centrifugation, the pellet containing the inclusion
bodies was resuspended in TE (crude MCU protein).

Purification of recombinant MCU protein

The prepared crude MCU protein was resolved in 8§ M
guanidinium chloride. The proteins in the solution were
separated by use of a reverse-phase protein column (cytiva,
RESOURCE RPC 3 mL) of an HPLC system (Shimadzu
LC10-AD) with elution using an acetonitrile gradient (5—
40%). The obtained protein fractions containing recombi-
nant MCU were subjected to freeze drying, and the protein
powder was used as purified MCU in this study. The puri-
fied MCU powder was resolved in 1% SDS solution, and
the concentrations of the MCU protein solution were deter-
mined by performing the bicinchoninic acid assay with
bovine serum albumin used as a standard. The determina-
tion of the protein concentration was repeated 3 times, and
the average of the obtained concentrations was used as
the protein concentration of the MCU standard protein
solution in this study.

Chemical synthesis of EMRE protein

The chemical synthesis of mouse mature EMRE (Ser53-
Aspl07) and the purification of the synthesized protein
were carried out by the Sapporo Laboratory of Cosmo Bio
Co., Ltd. (Tokyo, Japan). Briefly, the Ser53-Aspl07
sequence was synthesized by the Fmoc solid-phase peptide
synthesis method using Liberty Blue (CEM); and the syn-
thesized product was purified by reverse-phase protein col-
umn chromatography. The monoisotopic mass of the
purified protein was determined by mass spectrometry (Shi-
madzu AXIMA Confidence). The observed monoisotopic
mass was 6111.28 (theoretical monoisotopic mass, 6109.04).
The purified EMRE pellet was resolved in 2% SDS solu-
tion, and the concentrations of the EMRE protein solution
were determined by the same procedure as that used for
the MCU protein solution.

Protein detection by western blotting

Proteins obtained as described above were solubilized in
extraction buffer (12.5 mm Tris-HCI, pH 6.8, containing
1% SDS, 10% glycerol, 1% dithiothreitol, and 0.05% bro-
mophenol blue). SDS/PAGE was performed in 10% and
20% acrylamide gels essentially as described previously
[38]. After transfer of the proteins in the gel to nitrocellu-
lose membranes, the membranes were soaked for 1 h in TS
buffer (20 mm sodium phosphate buffer, pH 7.4, containing
0.05% Tween 20, 150 mm NaCl, and skim milk (0.3% skim
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milk for anti-MCU Abl, ABycul; 1.0% for ABycy2-4:
and 3.0% for ABgmrel, 0.1% for ABgmre2). The blocked
membranes were then incubated overnight with antibodies
against each peptide derived from mouse MCU or mouse
EMRE with Can Get Signal (TOYOBO) as the diluent
(ABpmcul-3, 4000-fold diluted; ABymcu4,  10000-fold
diluted; ABgmrel, 2000-fold diluted; ABgmre2, 1000-fold
diluted). After having been washed with TS buffer, the
membranes were incubated for 1h with anti-rabbit
IgG conjugated with peroxidase as secondary antibody:
AByicul-3, 2000-fold diluted; ABycu4, 3000-fold diluted;
ABgmrel-2, 2000-fold diluted with TS buffer). Specific
binding of antibodies was visualized by the use of ECL
reagents and subsequent exposure to x-ray film (Fuji Photo
Film, Osaka, Japan).

Determination of the amount of MCU and EMRE was
performed as follows: First, to make a calibration curve,
we subjected different but known amounts of MCU or
EMRE to SDS/PAGE and then transferred them to a
nitrocellulose membrane. Intensities of the immunodetected
protein band of them were determined by using IMAGEJ,
NIH, Bethesda, MD, USA.

Calculation of the probability of the MCU-EMRE
complex with each stoichiometry

The probability of the MCU-EMRE complex with each
stoichiometry was obtained based on the ratio of MCU
and EMRE in the mitochondria by fitting with a binomial
distribution according to previous reports [33]. In the case
that EMRE randomly associated with the MCU tetramer,
the probability of the MCU-EMRE complex with each sto-
ichiometry was calculated by the following formula:

P(k)=,Cy - p* - (1 —p)"*

where P(k) represents the probability of the MCU-EMRE
complex with each stoichiometry, n represents the possible
number of EMREs associated with a single MCU tetramer
(n = 4); k represents the number of EMRESs associated with
a single MCU tetramer (k = 0-4); and p represents the
molecular ratio of EMRE to MCU in the mitochondria
oO=sPL).

Results

Characterization of antibodies used for the
quantitative analysis of MCU and EMRE

For the quantitative analysis of MCU and EMRE,
highly specific antibodies against each protein were
necessary. Thus, we first originally prepared antibodies
against MCU and EMRE, and we examined the
immunoreactivity of these prepared antibodies and
commercially available antibodies.
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The commercially available antibody against human
MCU, which we here used, was prepared by use of the
recombinant protein of the N-terminal region of
human MCU (His47-Vall52) as an immunogen
(shown as ABycyl in this study; Fig. 1A). Addition-
ally, we synthesized 3 peptides corresponding to
Ala214-Thr232, Lys304-Ala322, Asn317-Leu341l of
mouse MCU; and by use of these peptides as immuno-
gens, we prepared their antisera (show as ABncu2,
ABnmcu3, ABycuéd [Fig. 1A]). To examine the speci-
ficity of the antibodies, we carried out western blotting
of the mitochondria isolated from mouse brain and
HeLa cells by using these 4 MCU antibodies. The
identity of the protein sequences between moue MCU
and human MCU was almost 100% (Fig. S1), allow-
ing the prediction that these antibodies would show
immunocrossreactivity to human MCU and mouse
MCU. Consequently, in the case using ABpcyl and
ABwmcu4, immunoreactive bands were clearly detected,
showing migration corresponding to the predicted
molecular weight of mouse and human mature MCU,
that is, 34843.02 and 35027.34, respectively (see the
arrows in Fig. 1A, lower panel). AByicy2 and ABycu3
did not immuno-react with MCUs, the reasons being
unclear. In the case using ABycul, a probably non-
specific immunoreactive band of high migration was
detected (see the single asterisk in Fig. 1A, lower
panel); while, in the case using ABycy4, such a band
was detected at a slightly higher migration than that of
mature MCU (see the double asterisk in Fig. 1A, lower
panel). From this result, we considered that ABycul
was more proper for the quantitative analysis of the
immunoreactive band of MCU. For further investiga-
tion of the specificity of ABycul, we confirmed the
immunoreactivity in the mitochondria isolated from
MCU-deficient HeLa cells. As a result, the immunore-
active band of mature MCU at around 30 kDa had
completely disappeared. Meanwhile, the band detected
at the higher migration was not affected, meaning that
the higher migration band did not include MCU oligo-
mer but other proteins nonspecifically reactive with
ABncul (Fig. 1C). These results showed that we could
carry out quantitative analysis of MCU by using the
signal intensities of the immunoreactive band migrating
at about 30 kDa as detected by Abycul.

Regarding EMRE, we prepared antibody ABgmrel
by using the synthetic peptide corresponding to Val48-
Ser64 in the N-terminal region of mature mouse
EMRE as an immunogen. (Fig. 1B, upper panel).
Some antibodies against EMRE are commercially
available, for example, anti-EMRE polyclonal anti-
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[18,31,39,40]. However, the epitope region of
ABgmrg2 was unclear; so we examined the epitope
region. For this, we first tried to prepare EMRE
mutant proteins by using E. coli, but EMRE was
hardly expressed in these bacteria (data not shown).
We next used a yeast expression system; because,
although yeast mitochondria lack the calcium uni-
porter complex, the expression of mammalian MCU
and EMRE in yeast enables reconstitution of the cal-
cium uptake function in yeast mitochondria [25]. For
this, we expressed each deletion mutant of mouse
EMRE in yeast; and not only EMRE but also MCU
was expressed for EMRE’s stability in the mitochon-
dria (Fig. 2A). The mitochondria isolated from the
yeast strains were subjected to western blotting to
determine the reactivity of ABgmrg2 against the vari-
ous deletion mutants of mouse EMRE in yeast mito-
chondria (Fig. 2B). Since ABgmrg2 did not react with
the EMRE mutant bearing the Leu91-Glul01 deletion
(EMREA91-101), we concluded that the epitope region
of ABgmrg2 mainly resided in the Leu91-Glu0Ol
sequence of mouse EMRE (Fig. 2C-E). Amino acid
sequences of both epitopes completely corresponded to
not only mouse EMRE but also the human one (Fig.
S2). The reactivitiecs of ABgmrel and ABgumrge2
toward the mitochondria isolated from mouse tissues
and HeLa cells were examined. In the case of both
antibodies, the immunoreactive bands were clearly
detected at the migration corresponding to the molecu-
lar weight of mature mouse EMRE, that is, 6109.04
(Fig. 1B). ABgmre2 detected a single band, while
ABgMmrgl nonspecifically reacted with some proteins
having a higher molecular weight, meaning that
ABgprie2 was better than ABgymrgel for the detection
of EMRE in isolated mitochondria. Furthermore,
when ABgmrp2 was reacted with mitochondria iso-
lated from EMRE-deficient HeLa cells, the immunore-
active band at 10 kDa was completely absent,
indicating that ABgyrg2 would be useful for the
quantitative analysis of EMRE (Fig. 1C).

From these result, we used AByicuyl and ABgymrE2
for the detection of MCU and EMRE, respectively, in
the following experiments.

Preparation of recombinant MCU and EMRE as
standard proteins

Met1-Thr49 of mouse MCU functions as a mitochon-
drial targeting sequence (MTS); and it is truncated
after the translocation of MCU in mitochondria,
resulting in the mature form of MCU (Fig. 3A). When

body C220rf32(C-12) previously used by some the mature MCU was expressed in E. coli, a high
researchers (shown as ABgmrg2 in  this  study) amount of the protein was obtained in the pellet after
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Fig. 2. Identification of epitope regions of

ABgnvre2 in mouse EMRE. (A), the yeast

expression system of mouse EMRE and

MCU enables reconstitution of the Ca?*

uptake function in yeast mitochondria. (B),

Schematic representation of full-length ©)
EMRE and its deletion mutants. (C),
Immunoblots of mitochondria isolated
from yeast expressing the above-indicated
MYC-tagged EMRE deletion mutants
together with FLAG-tagged MCU,
detected with ABgpge2, anti-MYC
antibody for EMRE; anti-FLAG antibody for
MCU [upper and lower bands were
immature MCU and mature MCU,
respectively ([25])]. The mitochondrial
phosphate carrier (PiC) was used as a
loading control for the mitochondria. (D),
Relative immunoreactivity of ABgympre2
against each deletion mutant of EMRE.
Each signal intensity detected by ABgnmge2
was divided by that detected by anti-MYC (E)

antibody. The relative quotients are shown 9
as histograms (mean + SD); n > 3. (E), EMRE
Schematic representation of epitopes of

antibodies against ABgpre2.

FLAG 32 —

centrifugation of whole cell lysates, indicating that the
expressed MCU existed in an inclusion body (Fig. 3B).
Then, the crude MCU was purified by using reverse-
phase chromatography. When the purified MCU frac-
tion was subjected to SDS/PAGE followed by Coo-
massie brilliant blue (CBB) staining, a clear single
band was detected at the migration indicating the
molecular weight of mature MCU, that is, 34843.02
(Fig. 3B, left); furthermore, ABwmcul specifically
reacted the bands (Fig. 3B, right). We also tried to
establish the E. coli expression system of mouse
mature EMRE. However, the expression level of
EMRE protein was very poor; and so any examination
of the conditions required to achieve a sufficiently high
expression level of EMRE could not be performed
(data not shown). Although the reason is unclear, the
poor expression of EMRE in E. coli might be related
to the highly hydrophobic structure of mature EMRE,
as hydrophobic amino acid residues account for about
50% of the residues of mature EMRE. Since mature
EMRE was a small protein, that is, M.w. 6109.04, we
next attempted the chemical synthesis of it. Stefani et
al. reported that human EMRE was truncated at
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Arg52 [39]. Therefore, we chemically synthesized
Ser53-Aspl07 of mouse EMRE. When the synthesized
matured EMRE was subjected to SDS/PAGE followed
by CBB staining, the synthesized protein was detected
as a single band; and no other protein bands were
detected. Anti-EMRE antibody also reacted with the
protein band detected in the CBB-stained gel (Fig. 3C,
right). Furthermore, to roughly confirm the protein
sequences, the prepared proteins of MCU and EMRE
were digested by trypsin/Lys-C and then subjected to
LC-MS/MS analysis, resulting that the peptides
derived from mouse MCU and EMRE were identified
(Fig. S3, Tables S2-S3).

Since the recombinant proteins of MCU and EMRE
having high purity were obtained, we used these pro-
teins as standards for subsequent quantitative analysis.

Quantitative analysis of MCU and EMRE in the
mitochondria isolated from tissues and cultured
cells

To reveal the amount of MCU protein in the mito-
chondria of tissues and cultured cells, we subjected
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| | |
Mouse EMRE MTS TM
Mature EMRE Fig. 3. Preparation of mature MCU and
EMRE as standard proteins. (A),
(B) (©) Schematic representation of mouse MCU
s o - '5 o - and EMRE: the locations of the mature
- 20 +2 2 %) w w MCU and EMRE are shown by the bold
b © b © 4 4
9 s = 9 s = = = lines: Ala50-Glu350 in mouse MCU and
—_ —_ w w Ser53-Asp107 in mouse EMRE. (B), the
°© o g °© o g o o indicated protein samples were subjected
° ©° a E T 0 a = 3 3 to SDS/PAGE followed by CBB staining
£ £ 5% 5 £ < 5% S g ‘E“ (Left) and western blotting using ABmcu'
EE&&& EE&&& (kDa) = = (Right): whole cell lysate of E. coli
transfected with empty vector: that
(kDa) 32 transfected with expression vector of
95 — - 25 — mouse mature MCU (Whole); the
72 — - 22 — supernatant fraction (Sup) and the
55 — 17 — precipitate fraction (Ppt) after
centrifugation of the whole cell lysate; the
— —
43 — 1 - purified fraction of mature MCU obtained
= - — S~ -— —— - by using reverse-phase chromatography
34 - (Purified). (C) Chemically synthesized
26 — p— EMRE was subjected to SDS/PAGE
followed by CBB staining and western
CBB MCU CBB EMRE blotting using ABgpmpre2.

serial amounts of the recombinant MCU and the mito-
chondrial suspensions isolated from mouse brain,
heart, liver, kidney, and HeLa cells to SDS/PAGE in
the same gel followed by western blotting (Fig. 4).
From the signal intensities in the lanes loaded with
recombinant MCUs, calibration curves were obtained;
and each correlation coefficient (R?) was high. Using
the calibration curve obtained from the serial recombi-
nant MCU, we calculated the amount of MCU protein
in the mitochondria of each tissue and HeLa cells.
Based on the signal intensity detected in each lane
loaded with each of the various mitochondrial sources,
the amount of MCU per | pg of mitochondria from
these various sources was calculated. After statistical
processing using the Smirnov-Grubbs test, the average
among those MCU amounts per 1 pg was calculated,
providing the content of MCU in the mitochondria
from each tissue or HeLa cells (Table 1). The migra-
tion of MCU in tissues and HeLa cells detected by
SDS/PAGE was slightly lower than that of the recom-
binant mature MCU, the reason being unclear. We
had added Met at the N terminus of the recombinant
mature MCU for its expression in E. coli. Since a

single amino acid mutation in a protein often affects
the migration of the protein during SDS/PAGE [37],
this additional N-terminal Met might possibly account
for the different migration of the mature MCU. The N
terminus of mature MCU in mitochondria has not yet
been experimentally investigated; actually, the mito-
chondrial targeting sequence (MTS) of MCU might
not be cleaved at Thr49 but at its downstream.
Regarding the cleavage site of MTS, further studies
will be needed. As in the case of MCU, the amounts
of EMRE protein in the mitochondria were also exam-
ined (Fig. 5; Table 1).

Based on the molecular weights of the mature forms
of MCU and EMRE (34843.02 and 6109.04, respec-
tively), the number of moles of each protein (fmol-pg™"
of mitochondria) was calculated, as were the ratios of
the number of moles of EMRE to that of MCU in the
mitochondria (Table 1). The molecular ratios of
EMRE to MCU in the mitochondria isolated from
mouse tissues and HeLa cells were used to determine
the probability distribution function from the binomial
theorem. From the calculation, probability description
of the expected number of EMRE (0-4) to a MCU
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Fig. 4. Quantification analysis of the expression levels of MCU in the mitochondria. Various amounts of the recombinant mature MCU as
the standard protein and the mitochondria isolated from mouse brain (A), heart (B), liver (C), kidney (D), and Hela cells (E) were subjected
to immunoblotting using ABmcul antibody. The signal intensity of each band of recombinant mature MCU was detected by ImaceJ; and
those signal intensities were plotted, resulting in calibration curves. By use of the calibration curves, the amounts of MCU protein in the
mitochondria were calculated from the signal intensities detected from each amount of the mitochondria; and the averages of the calculated

mitochondrial amount are shown in Table 1 (mean 4+ SD); n > 3.

Table 1. The expression levels of MCU and EMRE in the mitochondria of mouse tissues.

MCU EMRE
MCU : EMRE®
Tissue or cell pg-ug~'? fmol-ug™"° pg-ug™'? fmol-ug™"° (mole ratio)
Brain 728.52 (+29.73) 20.91 (+£0.85) 50.30 (+7.80) 8.23 (£1.28) 1.00 : 0.39 (+0.06)
Heart 229.47 (+45.88) 6.58(+1.32) 5.90 (+£0.35) 0.97(+0.06) 1.00 : 0.15 (40.04)
Liver 385.00 (£90.34) 11.05 (£2.59) 15.05 (+3.64) 2.46 (+0.60) 1.00 : 0.24 (+0.09)
Kidney 480.84 (+46.73) 13.8 (+1.34) 15.73 (£3.50) 2.58 (£0.57) 1.00 : 0.19 (£0.05)
Hela 1000.08 (+88.56) 28.7 (+£2.54) 53.16 (+£2.30) 8.71 (+£0.38) 1.00 : 0.31 (+0.03)

aThe amounts of MCU or EMRE protein in 1 ug of the mitochondria.; "The number of moles of MCU or EMRE protein in 1 pg of the mito-

chondria.;

tetramer were obtained and plotted in histograms
(Fig. 6). Based on the probabilities of each complex
(MCU:EMRE=4:0, 4:1, 4:2, 4:3), the ratios
of each MCU-EMRE complex in the mitochondrial
inner membrane were calculated; and using these
ratios, the breakdown of each complex in 10 MCU tet-
ramers was illustrated (Fig. 7).

Discussion

In this study, to reveal the amounts of MCU and
EMRE proteins, the signal intensities of the recombinant

FEBS Open Bio 12 (2022) 811-826 © 2022 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of
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°The ratios of the number of moles of EMRE to that of MCU in the mitochondria.

MCU and the chemically synthesized EMRE were
compared with those of MCU and EMRE in the mito-
chondria, respectively. In this analysis, it was necessary
that the reactivity of each antibody to the recombinant
protein as a standard was the same as that to the
intrinsic protein. In the case that the sequences of epi-
topes had post-translational modifications, the reactiv-
ity of the antibody could be different between the
standard protein and the intrinsic one. Indeed, in
the sequence of the epitope of ABymcyul, cleavage at
Thr49 and the phosphorylation of Ser92 in human
MCU were reported [37,41,42]. However, when the
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Fig. 5. Quantification analysis of the expression levels of EMRE in the mitochondria. Various amounts of the recombinant mature EMRE as
the standard protein and the mitochondria isolated from mouse brain (A), heart (B), liver (C), kidney (D), and Hela cells (E) were subjected
to immunoblotting using ABegmre2 antibody. By the same procedure as in the case of MCU (Fig. 4), the protein amounts of EMRE in the
mitochondria were calculated from the signal intensities detected from each amount of the mitochondria; the averages of the calculated

mitochondrial amount are shown in Table 1 (mean + SD); n > 3.

mitochondrial MCU amounts were examined by using
another anti-MCU antibody, ABycu4, which we here
prepared by using the peptide of Asn317-Leu34l of
mouse MCU as the immunogen, the obtained MCU
amounts were almost the same as those obtained by
ABmcul (Fig. S4). This finding indicated that the MCU
amounts obtained from this study did not include errors
caused by any difference in reactivity of the antibodies
to intrinsic MCU and the recombinant one, meaning
that this assay enabled correct measurement of the
amount of MCU protein. On the other hand, EMRE is
truncated at Arg52 after translocation to mitochondria
[39]; and any other truncation sites have not yet been
reported. When the amount of EMRE in the mitochon-
dria was investigated by using antibody ABgyrgl, which
was prepared by using the Val48-Ser64 peptide, almost
the same amount of EMRE as that obtained by
ABgmre2 (Fig. 5) was detected (Fig. S5), indicating that
this assay afforded the correct amount of EMRE.

In the present study, we showed for the first time
the amounts of MCU and EMRE proteins in the
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mitochondria. From this result, the protein amount
(pg-pg™") and the number of moles (fmol-pg™") of
MCU were found to be larger than those of EMRE in
the mitochondria of each tissue and HeLla cells
(Table 1). In the liver mitochondria, the amount of
MCU protein was 385 pg per 1 pg of whole mitochon-
drial protein, indicating that the MCU occupied
approximately 0.04%(w/w) of the whole protein
weight of the liver mitochondria. The voltage-
dependent anion channel, which is an abundant pro-
tein in mitochondria, accounts for approximately 0.4%
(w/w) [37]. These data show that the MCU is not an
abundant protein, indicating that the amount of cal-
cium uniporter complex is comparatively small. This
finding is in line with an expectation that the amount
of calcium uniporter in the mitochondria might be
small, which is based on very low ICs, of Ru360, an
inhibitor of the calcium uniporter [43]. In this study,
the protein levels of MCU and EMRE in mitochon-
dria isolated from HeLa cells were higher than those
in mitochondria isolated from mouse tissues. In
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general, the purity of mitochondria isolated from cul-
tured cells is lower than that of mitochondria isolated
from tissues. Our findings indicate that MCU and
EMRE are highly expressed in the mitochondria of
HeLa cells. Some researchers observed that yeast mito-
chondria lack calcium transport activity [24,25,43].
Although the expression of mammalian MCU alone in
yeast does not enable Ca®* transport in the yeast mito-
chondria, the co-expression of mammalian MCU and
EMRE does [24,25], indicating that both MCU and
EMRE are essential factors for mitochondrial calcium
transport. In other words, MCUs without EMREs

to single MCU tetramer

(reversely, EMREs without MCUs) are inactive in
Ca®* transport. In this study, the amounts of EMRE
in the mitochondria of all tissues and HeLa cells were
clearly less than the amounts of MCU. This finding
suggests that the amount of EMRE is the bottle neck
to decide the amount of active calcium uniporter
under physiological conditions and that the amount of
EMRE possibly affects the potency of mitochondrial
calcium uptake and its variation among tissues.
Indeed, Kirichok et al. investigated the mitochondrial
calcium uptake activity among mouse various tissues
by using patch-clamp techniques, with the results
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Fig. 7. Variation and composition of MCU-EMRE complexes in mitochondrial inner membranes based on the stoichiometry of MCU and
EMRE. This study showed that, in all tissues and Hela cells, 0-3 molecules of EMRE were assembled in a single MCU tetramer. Based on
the probabilities of each complex (MCU : EMRE =4 :0, 4:1, 4:2, 4:3), which were obtained in Fig. 6, the ratios of each MCU-EMRE
complex in the mitochondrial inner membrane were calculated. By use of these ratios, the breakdown of each complex in 10 MCU
tetramers is illustrated. In this model, MCU tetramers without EMRE are shown as functionally inactive (grey). MCU tetramers with 1
EMRE, those with 2 EMREs, and those with 3 EMREs were assumed to be functionally active (yellow).

indicating that the calcium uptake activity in liver and
kidney were higher than that in heart [44]. In this
study, the amount of EMRE in liver and kidney was
larger than that in the heart (Table 1); and so the rela-
tionship between the magnitude of the EMRE amount
among tissues corresponded to that of the calcium
uptake activities.

Very recently, by using cryo-EM Wang et al. [30]
reported the 3D structure of the complex of human
MCU and EMRE reconstituted in nanodiscs. The stoi-
chiometry of MCU and EMRE in the complex was 4
to 4: each MCU bound to an EMRE in the complex.
Unexpectedly, we here revealed that the stoichiometry
of MCU and EMRE in the mitochondria was not 4 to
4; instead, the number of moles (fmol-pg™") of EMRE
was approximately 2-7 times lower than that of MCU
in the mitochondria of various tissues and HeLa cells
(Table 1). What is the stoichiometry of MCU and
EMRE in the calcium uniporter complex in the mito-
chondria? Regarding the Kv4.2 potassium ion channel,
Kitazawa et al. investigated the stoichiometry of the
pore-forming Kv4.2 tetramer and its accessory protein,
the K*-interacting protein (KChIP) subunit [33]; con-
sequently, although Kv4.2 tetramers bound by 1-4
KChIPs was found to randomly exist in Xenopus
oocytes, the number of KChIP bound to each Kv4.2
tetramer increased in proportion to the expression
level of KChIPs. Based on this finding, if EMRE
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stochastically bound to MCU tetramers in proportion
to the expression level of EMRE, the MCU tetramer
binding to 4 EMREs would hardly exist in the mito-
chondrial inner membrane; in brain, the MCU tetra-
mer bound to 1 and 2 EMRE(s) would be the major
one; in liver and HeLa cells, that binding to 1 EMRE
would majorly exist: in kidney and heart, the MCU
tetramer with 1 EMRE would be major, and almost
half of MCU tetramers would be without EMRE
(Figs 6 and 7). Recently, Payne et al. [45] reported that
the MCU tetramer with 1 EMRE also retained Ca®*
uptake activity, based on a study using the fusion pro-
tein tandemly connecting 4 MCUs and 1 EMRE. This
report supports the above-described consideration that
we here suggested: that the MCU tetramer with 1
EMRE was the main stoichiometry in the mitochon-
dria. Our findings indicated that MCU channels bind-
ing to various numbers of EMRE(s) exist in the
mitochondria, which suggests that EMRE might
enable precise regulation of mitochondrial calcium
uptake among tissues and cells by not only its expres-
sion level but also by its number binding to each
MCU tetramer. More quantitative studies will be
needed to clarify whether the number of EMREs bind-
ing to the MCU tetramer affects the Ca’* uptake
activity and its properties, for example, the threshold
of the Ca®' uptake. For this, the analysis of Ca®*
uptake activity in brain mitochondria might be useful,
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because our data indicated that the MCU tetramer
with 2 EMREs would be the major form in brain,
whereas, in other tissues, the MCU tetramers with 1
EMRE or without EMRE would be the majority
(Figs 6 and 7).

The results of MCU and EMRE quantification in this
study suggested that 0-2 EMREs were mainly bound to
MCU tetramers in the mitochondria of various mouse
tissues. In contrast, Fan et al. recently used bac-
uloviruses to produce high expression levels of human
MCU, EMRE, MICUI, and MICU2 (Wang et al.
highly expressed human MCU, EMRE, and MICU1),
after which they observed their three-dimensional struc-
tures using cryo-electron microscopy [46,30]. Their
results showed that MCU and EMRE were bound at a
ratio of 4 : 4. The reason for the discrepancy between
these results and ours is unknown. We analyzed mito-
chondria isolated from mouse tissues, whereas Fan et al.
analyzed mitochondria under conditions in which each
subunit was highly expressed in baculoviruses. The dif-
ference in the amount of each subunit may change the
compositional ratio of the subunits that make up the
MCU complex. To clarify this issue, further studies will
be required. Furthermore, in the native PAGE results of
Payne et al., [45] a 4:2 complex was detected in
HEK293T, which led the authors to conclude that this
form was required for MICU1 gatekeeping. Fan et al.
[46] also suggested that at least two EMREs are
required for MICU1 gatekeeping (i.e., for suppressing
low concentrations of Ca®*). The present study focused
only on the stoichiometric ratio of MCU and EMRE,
but it is possible that this ratio could be affected by
other subunits such as MICU1 and MICU2.

The stochastic calculation using the binomial theo-
rem suggested that a large number of MCU tetramers
without EMREs, which lack the Ca** uptake function
[24,25], would exist in the mitochondria of all tissues
and HeLa (Fig. 7). The reasons why such a large num-
ber of inactive calcium uniporters would exist in the
mitochondria is unclear. Liu et al. reported that the
expression level of EMRE increased more strongly
than that of MCU in LAMA2-knockout mice, which
show a muscular dystrophy-like phenotype [47]; Chen
et al. reported that the expression level of EMRE, but
not that of MCU, increased in Bx-PC3 cells overex-
pressing HINT?2 [48]. These findings suggest that the
mitochondrial Ca®* uptake activity might be regulated
by the expression level of EMRE in response to any
stimuli and that to enable such a regulation, a certain
amount of inactive calcium uniporter might be main-
tained under normal conditions.

In conclusion, we for the first time quantitatively
compared the amounts of MCU and EMRE in mouse

Stoichiometry of MCU and EMRE in mitochondria

mitochondria and discovered that the stoichiometry of
MCU and EMRE in the mitochondria widely varied
among tissues and cells. This finding provides new
insights into the mechanisms regulating mitochondrial
calcium uptake.
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Fig. S1. Alignment of amino acid sequence of human
MCU and mouse MCU; Q8NE86 and Q3UMRS,
respectively. Asterisks show amino acids conserved
between the 2 MCUSs; and dots, similar amino acids.
The epitopes of anti-MCU antibodies are shown in red
and by underbars.

Fig. S2. Alignment of amino acid sequence of human
EMRE and mouse EMRE; Q9H4I9 and Q9DBI10,
respectively. Asterisks show amino acids conserved
between the 2 EMREs; and dots, similar amino acids.
The epitopes of anti-EMRE antibodies are shown in
blue and by underbars.

Fig. S3. Peptide mapping of the prepared proteins of
MCU and EMRE. (A), The peptides identified by MS
analysis were shown by black boxes in mouse MCU
protein sequence: (B), the identified peptides were
shown in EMRE protein sequences. The brief proce-
dure of MS analysis is the followed. The prepared pro-
teins of MCU and EMRE were purified by methanol/
chloroform precipitation. The protein pellets were sol-
ubilized in 8 M urea followed by reduction in 2.5 mM
DTT for 30 min at 37 °C, and alkylation in 55 mM
iodoacetamide for 30 min at room temperature in the
dark. After reducing the urea concentration to 1 M
using 50 mM Tris-HCI (pH 8.0), the proteins were
digested at 37 °C overnight using 100 ng of trypsin/
Lys-C mix, Mass Spec Grade (Promega, Madison,
WI). The prepared peptides were desalted with GL-Tip
SDB (GL Sciences, Tokyo, Japan), and the eluates
were concentrated using a SpeedVac concentrator
(Thermo Fisher Scientific). The prepared peptide solu-
tions were dissolved with 0.1% TFA. LC-MS/MS
analysis of the prepared peptides was carried out on
an EASY-nLC 1200 UHPLC connected to a Q Exac-
tive Plus mass spectrometer (Thermo Fisher Scientific).
The peptides were separated on a 75-pm inner diame-
ter X 120-mm C18 reversed-phase column (Nikkyo
Technos, Tokyo, Japan) using a linear gradient from 5
to 40% acetonitrile for 0-60 min. A data-dependent
acquisition mode was used as the operation program
of the mass spectrometer. Raw data were analyzed
using the UniProt database of Mus musculus with
Proteome Discoverer, version 2.2 (Thermo Fisher Sci-
entific) for peptide identification. The detail of the
identified peptide were shown in Supplemental Table
SIT for recombinant MCU and Supplemental Table
SIII for synthesized EMRE.

Fig. S4. Quantification analysis of MCU in the mito-
chondria by using anti-MCU antibody, ABycué4. A,
Schematic representation of epitopes of antibodies

A. Watanabe et al.

against mouse MCU; ABycyl and ABycy4: the loca-
tion of each epitope is shown by the bold line. B,C,
upper, recombinant mature MCU protein (prepared in
Figure 3) and the mitochondria isolated from mouse
liver (B) and kidney (C) were subjected to SDS-PAGE
followed by immunoblotting using ABycu4; lower,
The signal intensity of each band of recombinant
mature MCU was detected by Image J; those signal
intensities were plotted, resulting in calibration curves.
The calculation of the amount of MCU protein from
the signal intensities was carried out as shown in the
legend of Fig 4. This amount was obtained by dividing
the amount of MCU protein by the molecular weight
(34843.02) of the mature MCU. The amount of MCU
(fmol/ug) of obtained by using ABpcu4 (shown in
light blue in the histogram) was compared with that
obtained with ABycyl (shown in blue histogram) and
shows that the amounts of MCU in liver mitochondria
and kidney were almost the same.

Fig. S5. Quantification analysis of EMRE in the mito-
chondria by using anti-EMRE antibody, ABgumrel. A,
Schematic representation of epitopes of antibodies
against mouse EMRE; ABgyrel and ABgymrg2: the
location of each epitope is shown by the bold line. B,
upper, the recombinant mature EMRE (prepared in
Figure 3) and the mitochondria isolated from mouse
liver were subjected to SDS-PAGE followed by
immunoblotting using ABgymrgl; lower, The signal
intensity of each band of recombinant mature EMRE
was detected by Image J; and those signal intensities
were plotted, resulting in calibration curves. The calcu-
lation of the amount of EMRE protein from the signal
intensities was carried out as shown in the legend of
Fig 5. The averages of the calculated mitochondrial
amount are shown in the histogram (C; mean =+s.d.),
n>3). C, The amount of EMRE (fmol) in 1 pg of the
isolated mitochondria. This amount was obtained by
dividing the amount of EMRE protein by the molecu-
lar weight (6109.04) of mature EMRE. The amount of
EMRE (fmol/ug) obtained with ABgyrgel (shown by
the pink bar of the histogram) was compared with that
using ABgmrge2 (shown by the red bar) and shows
that the amounts of EMRE in liver mitochondria were
almost the same with both antibodies.

Table S1. Primers used for preparation of expression
vectors of the EMRE mutants.

Table S2. MS/MS analysis of the recombinant mouse
MCU.

Table S3. MS/MS analysis of the synthesized mouse
EMRE.
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