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Abstract

Ca?* flux across the mitochondrial inner membrane regulates bioenergetics, cytoplasmic Ca2*
signals and activation of cell death pathwaysl-11, Mitochondrial CaZ* uptake occurs at regions of
close apposition with intracellular Ca2* release sites 12714, driven by the inner membrane voltage
generated by oxidative phosphorylation and mediated by a Ca2* selective ion channel (MiCal%)

Users may view, print, copy, download and text and data- mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use: http://www.nature.com/authors/editorial_policies/license.html#terms
"To whom correspondence should be addressed: Muniswamy Madesh, Center for Translational Medicine, 950 MERB, 3500 N. Broad
Street, Temple University, Philadelphia, PA 19140, Phone: (215) 707 5465, Fax: (215) 707 7538, madeshm@temple.edu. J. Kevin
Foskett, Department of Physiology, 726 Clinical Research Bldg, University of Pennsylvania, Philadelphia, PA 19104, Phone: (215)
298-1354, foskett@mail.med.upenn.edu.

These authors contributed equally to this manuscript.
Note: Supplementary Information is available on the Nature Cell Biology website

Author Contributions

K.M., M.M. and J.K.F. designed the project. K.M., C.C., PJ.D., H.C.C.,, KM.l, P.M.; .Y, M.M,, T.G., G.C. and R.M. performed the
experimental work. K.M., C.C., P.J.D, H.C.C., K.M.l. and M.M. analyzed the results. G.H. and G.C. designed the mitopericam
experiments and interpreted the results. J.E.K. and B.K. performed mtDNA analysis. J.M. contributed reagents. K.M. M.M. and J.K.F.
wrote the manuscript. All authors discussed the results and commented on the manuscript.

COMPETING FINANCIAL INTERESTS The authors declare no competing financial interests.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mallilankaraman et al. Page 2

called the uniporter6-18 whose complete molecular identity remains unknown. Mitochondrial
calcium uniporter (MCU) was recently identified as the likely ion-conducting pore!® 20, In
addition, MICU1 was identified as a mitochondrial regulator of uniporter-mediated Ca2* uptake in
HeLa cells 21. Here we identified CCDC90A, hereafter referred to as MCUR1 (Mitochondrial
Calcium Uniporter Regulator 1), an integral membrane protein required for MCU-dependent
mitochondrial Ca2* uptake. MCUR1 binds to MCU and regulates ruthenium red-sensitive MCU-
dependent Ca2* uptake. MCUR1 knockdown does not alter MCU localization, but abrogates Ca2*
uptake by energized mitochondria in intact and permeabilized cells. Ablation of MCUR1 disrupts
oxidative phosphorylation, lowers cellular ATP, and activates AMP kinase-dependent pro-survival
autophagy. Thus, MCURL is a critical component of a mitochondrial uniporter channel complex
required for mitochondrial Ca2* uptake and maintenance of normal cellular bioenergetics.

To identify genes important for mitochondrial Ca2* uptake, we performed a directed human
RNA. screen of 45 mitochondrial membrane proteins in HEK293T cells predicted or
reported to be integral mitochondrial inner membrane proteins, or with previously-proposed
roles in mitochondrial Ca2* regulation (Supplementary Tables S1 — S3). 96 hr after
transfection with pools of 3 siRNAs targeting each gene, cytoplasmic (Fluo-4) and
mitochondrial (rhod-2) [Ca?*] were simultaneously imaged by confocal microscopy 2224,
To rapidly elevate cytoplasmic Ca2* ([Ca2*].) (Fig. 1a) to trigger mitochondrial Ca2*
uptake, either a CaZ* ionophore, ionomycin, was employed at a concentration that enhanced
plasma membrane Ca2* permeability while leaving mitochondrial membranes intact, or
stimulation by an InsP3-linked agonist was used (Supplementary Fig. Sla-c and Movie S1).
siRNA against most genes had no effect on mitochondrial Ca2* uptake (Fig. 1b). Some
siRNAs caused a modest reduction, including those targeted to MICU1 21, CHCHD3,
TMEM186, LETM1 2° and SL25A23. Although MCU was not included in the original
screen, we validated the screening methodology by demonstrating that MCU knockdown
abrogated mitochondrial Ca2* uptake (Supplementary Fig. S1d). Of the 45 genes, RNAi
against only one, coiled-coil domain containing 90A (CCDC90A), a previously undescribed
protein that we hereafter call Mitochondrial Calcium Uniporter Regulator 1 (MCUR1), was
found to markedly inhibit mitochondrial Ca?* uptake (Fig. 1a,b). Similar results were
observed in human primary fibroblasts treated with MCURL siRNA (Supplementary Fig.
S2a-d). MCURL is ubiquitously expressed in mammalian tissues, similar to MCU and
MICUL1 (Fig. 1c).

To confirm this result, five lentiviral SARNA constructs that targeted different regions of the
MCURL gene (Supplementary Table S2) were used to create stable HeLa and 293T cell lines
with MCUR1 knocked down by 42 to 87 % among different clones by quantitative PCR
(gRT-PCR) (Fig. 1d,e). Two HEK293T cell clones with 80% and 87% MCUR1 mRNA
knockdown (shHK4 and shHKS5, respectively) and two HeLa cell clones with 74% and 87%
MRNA knockdown (shHel and shHe2, respectively, with >75% and 95% reduced protein
expression, respectively (Fig. 1f) were used for more detailed analyses of mitochondrial
Ca?* uptake and cellular bioenergetics. Stable knockdown of MCURL in HEK293T cell
clone shHKS5 strongly abrogated the [Ca2*]y, rise (Fig. 1h,k,I; see Supplementary Movie S1-
negative shRNA, Supplementary Movie S2- shHK4 and Supplementary Movie S3- shHKS5),
in contrast to normal responses in wild-type cells (Fig. 1i) and cells expressing a negative
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shRNA (Fig. 1g,j,I). Histamine triggered similar inositol trisphosphate (InsP3)-mediated
[Ca?*]. elevations in both negative ShRNA (Fig. 1m) and MCUR1 knockdown (KD) HeLa
cells (clone shHe2) (Fig. 1n), whereas mitochondrial CaZ* uptake was significantly
diminished in MCUR1 KD cells (Fig. 1n,p). Although compartmentalized rhod-2 has been
widely used to measure [Ca2*]y, in intact cells (e.g. 1 8 26), to assure specificity of the
fluorescent signal [Ca2*],,, was also recorded by a Ca2* sensing fluorescent protein, inverse
pericam, genetically targeted to the mitochondria (mitopericam). These studies showed that
the ATP-induced [Ca2*],, signal was selectively suppressed in intact MCUR1 KD HelLa
cells (Fig. 1q,r). Furthermore, the IP3-induced [Ca?*], rise was also attenuated in MCUR1
KD permeabilized cells (Fig. 1s). To confirm the target specificity of MCUR1 shRNA, a
rescue experiment was performed in HeLa shHe2 cells using a MCUR1 cDNA with four
silent point mutations in the ShRNA target region and a Flag epitope (DDK tag). Stable
expression of the rescue cDNA construct in HeLa clone shHe2 restored MCUR1 mRNA
levels (Fig. 1e) and enhanced MCURL1 protein expression (Fig. 1f). Importantly, normal
mitochondrial Ca2* uptake was restored in the MCUR1 rescue cells (Fig. 10,p). These
results indicate that MCUR1 plays an important role in mitochondrial Ca2* uptake.

Mitochondrial Ca2* uptake is driven primarily by the mitochondrial inner membrane voltage
(¥m), maintained by the electron transport chain and oxidative phosphorylation.
Knockdown of MCURL did not alter ATm in intact or permeabilized HelLa cells
(Supplementary Fig. S2e—g), nor did it alter mitochondrial DNA copy number
(Supplementary Fig. S2h). Importantly, knockdown of MCURL1 expression was without
effect on the normal mitochondrial localization of MCU (Supplementary Fig. S2i). Notably,
MCU mRNA and protein levels were upregulated in cells with MCUR1 knocked down
(Supplementary Fig. S2j-I). Thus, MCURL is not required for MCU expression or
localization. Collectively, these results suggest that MCUR1 plays a regulatory role in
MCU-dependent mitochondrial Ca?* uptake.

To explore this further, the effects of MCUR1 knockdown on mitochondrial Ca2* uptake
and A¥m were examined in digitonin-permeabilized cells that were bathed in intracellular-
like medium containing thapsigargin (Tg) to prevent ER Ca?* uptake, Fura2FF to monitor
[Ca%*] in the medium and JC-1 to monitor ATm. In response to Ca2* added to the medium,
energized mitochondria rapidly reduce medium [Ca2*] by Ru360- and CCCP-sensitive
uptake that causes inner membrane depolarization (Fig. 2a,f). In permeabilized 293T cells
expressing negative shRNA, mitochondria rapidly cleared multiple pulses of externally
added 10 uM Ca2* (Supplementary Fig. S3a). In contrast, both MCUR1 KD clones shHK4
and shHK5 demonstrated nearly complete inhibition of external Ca2* clearance
(Supplementary Fig. S3b). MCURL1 cloneshHK2 displayed intermediate ability to take up
external CaZ*, correlated with the intermediate level of MCUR1 knockdown in these cells
(Supplementary Fig. S3b). Addition of 10 uM Ca2* boluses triggered rapid mitochondrial
Ca?* uptake that caused small inner membrane depolarization in negative ShRNA Hela
cells (Fig. 2a). In contrast, cells with MCURL1 knocked down (Fig. 2b,c) demonstrated
strong inhibition of mitochondrial Ca2* uptake without depolarization. Reconstitution of
MCURL1 in HeLa clone shHe2 cells restored mitochondrial Ca2* uptake and consequent
inner membrane depolarization (Fig. 2d). To establish further that MCURL facilitates
mitochondrial Ca2* uptake, HeLa cells stably over-expressing MCUR1were generated.
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MCURZ1-overexpressing cells were able to clear more cytosolic Ca2* pulses compared with
negative shRNA HeLa cells (Fig. 2e), without altering CGP37157-sensitive Na*/Ca?*
exchanger mediated Ca2* efflux rate (Fig. 2j—I). To determine if MCUR1-dependent
mitochondrial CaZ* uptake is mediated by MCU, we used the MCU blocker Ru360. Ru360
inhibited mitochondrial Ca2* uptake in plasma membrane-permeabilized cells in response to
bath addition of boluses of Ca2* in cells over-expressing MCUR1 as well as in control cells
and cells with MCUR1 knocked down (Fig. 2f-i). Furthermore, basal mitochondrial matrix
Ca?* was reduced in MCUR1 KD cells (Fig. 2m,n). Together, these data strongly implicate
MCUR1 in the mechanism of uniporter-mediated mitochondrial Ca?* uptake.

Co-expression of carboxyl-terminus GFP-tagged MCUR1 and DsRed Mito, or carboxyl-
terminus mRFP-tagged MCUR1 and EYFP-Mito confirmed the mitochondrial localization
of MCURL (Fig. 3a,b). The membrane localization of MCUR1 was evaluated by sub-
cellular fractionation followed by mitochondrial sub-fractionation. In Western blots, anti-
Flag antibody detected a band with the expected apparent molecular weight of MCUR1 (~40
kD) that was highly enriched in HeLa cell mitoplasts (Fig. 3c). Most hydropathy analyses
suggest that MCURL contains two transmembrane helices, with a ~60-residue amino-
terminus and a carboxyl terminus predicted to contain only a couple of amino acids
projecting into the same compartment. The membrane topology of MCURL1 was investigated
by Proteinase K treatment of plasma membrane permeabilized (digitonin) cells.
Permeabilized cells were incubated with truncated Bid (tBid) to selectively permeabilize the
outer mitochondrial membrane. After OMM permeabilization, samples were challenged
with Proteinase K. Membrane fractions were solubilized and subjected to western blot
analysis. A mitochondrial matrix protein, HSP60, was protected from Proteinase K digestion
(Fig. 3d). In contrast, the inner mitochondrial integral membrane protein OXAL as well as
MCURZ1 were cleaved (Fig. 3d). Proteinase K produced a truncated MCUR1 fragment ~ 6
kD smaller than the full-length protein, consistent with loss of the amino-terminal fragment
proximal to the first transmembrane helix. Further, loss of the FLAG-tag by Proteinase K
treatment suggests that the carboxyl-terminal end of MCURL also faces the cytosolic side.
These results suggest that the amino-and the predicted short carboxyl-termini could be
exposed to the inter-membrane space, consistent with the presence of two transmembrane
spanning regions with most of the protein present in the matrix.

MCU, MICU1 and MCUR1 are targeted to mitochondria and regulate mitochondrial Ca2*
uptake. MICU1 physically associates with MCU 19, To determine whether MCUR1
similarly interacts with MCU, Flag-tagged MCUR1 and GFP-tagged MCU were co-
expressed and precipitated with Flag or GFP antibodies and immunoblotted with the
reciprocal antibodies. MCUR1 was able to pull down MCU, and vice versa (Fig. 3e). In
contrast MCUR1 and MICUL1 did not interact, although we could confirm the interaction of
MICU1 and MCU (Fig. 3f). Immunoprecipitation of ectopically expressed coiled-coil
domain containing inner mitochondrial membrane protein LETM1 failed to pull down
MCUR1-Flag (Fig. 3g) whereas anti-Flag immunoprecipitation of MCU-Flag but not
LETM1-Flag co-immunoprecipitated MCUR1-V5 (Fig. 3h and Supplementary Fig. S4c).
Further, immunoprecipitation of MCUR1, MCU or MICU1 did not pull down endogenous
inner membrane proteins OXAL or COXIV (Supplementary Fig. S4a). Of note, the results in
Fig. 3e and f suggest that MCU exists in a complex with either MICU1 or MCURL, but not
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both simultaneously. To examine this further, we transiently-expressed all three tagged
proteins, and immunoprecipitated VV5-tagged MCUR1. MCURL1 pull-down co-
immunoprecipitated MCU but not MICU1 (Supplementary Fig. S4b), suggesting that the
three proteins do not exist in one complex under the conditions of our experiments.
Together, these results demonstrate thatMCURL1 physically associates with MCU and is
necessary for MCU-mediated mitochondrial Ca2* uptake.

To confirm this further, we examined the dependence of MCUR1-mediated mitochondrial
Ca?* uptake on MCU. We first confirmed the requirement of MCU for histamine-induced
mitochondrial Ca2* uptake by examining cells with MCU knocked down (Fig. 4).
Histamine-stimulated mitochondrial Ca2* uptake was markedly enhanced in cells stably
over-expressing MCURL (Fig. 4b,c). However, knockdown of MCU (Fig. 4a) strongly
blunted this MCUR1-enhanced Ca2* uptake (Fig. 4b, c). We next examined whether over-
expression of MCU could restore mitochondrial Ca2* uptake in cells with MCUR1 knocked
down. MCU overexpression enhanced mitochondrial CaZ* uptake in wild-type- but not in
MCURZ1-knockdown HeLa cells (Fig. 4d—f). Thus, both MCU and MCUR1 expression are
required for efficient mitochondrial uniporter-mediated Ca?* uptake.

Mitochondrial uniporter uptake of constitutively released Ca2* from the ER is essential for
regulation of optimal cellular bioenergetics by providing sufficient reducing equivalents to
support oxidative phosphorylation?”. Absence of this Ca2* transfer results in reduced O,
consumption and ATP levels and activation of AMP kinase (AMPK) that activates pro-
survival macroautophagy?’. As a distinct approach to evaluate the role of MCURL1 in
mitochondrial Ca2* uptake, we measured bioenergetic parameters in control and MCUR1
knockdown 293T and HeLa cells. The AMP/ATP ratio was enhanced by ~2-fold in stable
MCURL1 knockdown cells compared with negative ShRNA HeLa cells, which was rescued
by re-expression of sShRNA resistant MCURL (Fig. 5a). In both HeLa and 293T cells, stable
(Fig. 5 and Supplementary Fig. S5a—d) or transient (Supplementary Fig. S5e—j) knockdown
of MCURL reduced basal O, consumption rates (Fig. 5b,c; Supplementary Fig. S5a,b,g,j),
reflecting diminished oxidative phosphorylation; caused constitutive activation of AMPK
(Fig. 5d,f; Supplementary Fig. S5c, f,i); and induced macroautophagy (Fig. 5e,g;
Supplementary Fig. S5d,e,h). These phenotypes were not observed in negative ShRNA cells.
Importantly, they were reversed to control levels by re-expression of MCURL1 (Fig. 5a—¢).
Of note, they are similar to the effects elicited by stable knockdown of MCU in HeLa cells
(Supplementary Fig. S5k). These bioenergetic abnormalities observed in cells with strongly
reduced MCUR1 expression are highly reminiscent of those induced by inhibition of InsP3
receptor (InsP3R)- and uniporter-dependent ER Ca2* transfer to mitochondria 2. The
metabolic effects of InsP3R and uniporter inhibition were previously observed to be non-
additive 27. Although autophagy activation observed in stable MCUR1 knockdown HeLa
cells was slightly potentiated by xestospongin B (XeB) inhibition of InsP3R activity (Fig.
50) (as was also the case in stable MCU knockdown cells; Supplementary Fig. S5k),
activation of AMPK (HeLa: Fig. 5f and Supplementary Fig. S5i; 293T: Supplementary Fig.
S5f) and autophagy (HelLa: Supplementary Fig. S5h; HEK293T, Supplementary Fig. S5e)
by transient MCUR1 knockdown were not potentiated. These independent results also
suggest that MCURL is an important component of the molecular machinery associated with
the mitochondrial uniporter-mediated Ca2* uptake mechanism.
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In summary, our results demonstrate that the previously unstudied MCURL is essential for
mitochondrial uniporter-mediated Ca2* uptake. In the absence of sufficient MCUR1
expression, mitochondrial CaZ* uptake is strongly blunted in both stimulated and basal
conditions. The latter results in compromised cellular bioenergetics as a consequence of
diminished oxidative phosphorylation that results in the activation of pro-survival
autophagy. The effects of MCUR1 knockdown on Ca2* uptake and mitochondrial
bioenergetics were observed here in two cell lines, suggesting that MCURL1 plays a general
role in regulating mitochondrial Ca2* uptake. Inhibition of mitochondrial Ca2* uptake by
MCUR1 knockdown did not cause mis-localization or lower expression of MCU, suggesting
that MCUR1 plays a direct role in uniporter-mediated Ca?* uptake, possibly by a direct
interaction with MCU that is required for MCU to function as the uniporter channel pore.
Identification of MICU1 and MCURL as regulators of Ca?* uptake suggests that the
mitochondrial Ca2* channel may consist of a complex of proteins associated with a Ca2*
permeable pore subunit, likely MCU 19 20, Enhanced total Ca2* uptake in cells with
MCURL over-expressed may be caused by increased MCU activity, although further studies
are needed to understand the MCUR1 role in mitochondrial CaZ* buffering. Reconstitution
of purified MCU into planar lipid bilayers was associated with the appearance of small
conductance Ca2* channels20. However, the properties were not completely similar to those
of the uniporter recorded in situ by patch clamp electrophysiology of mitoplasts®, nor were
they recorded under physiological ionic conditions. Thus, although MCU was shown to
form a Ca2* channel in the absence of other proteins in vitro, our results suggest that it
requires MCURL to function in mitochondrial membranes. The discovery of MCUR1 as an
integral component of the mitochondrial Ca%* uptake machinery provides a new target for
regulation of Ca?* signaling related to signal transduction, bioenergetics, and cell survival
and death.

METHODS

Methods and any associated references are available in the online version of the paper at
http://www.nature.com/naturecellbiology

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. RNAi screen identifies MCURL1 as a regulator of mitochondrial ca?* uptake
Changes in 293T cell cytoplasmic (a) and mitochondrial (b) [Ca2*] in response to

ionomycin (2.5 pM) were simultaneously measured by fluo-4 and rhod-2 imaging,
respectively. Each bar represents one target gene silenced with pooled siRNA. (c) gRT-PCR
of MCU, MCURL1 and MICU1 mRNA from mouse tissues (n=3; mean + s.e.m). (d) gRT-
PCR of MCUR1 mRNA from 293T cell clones (n=3; mean * s.e.m). (¢) gRT-PCR of
MCUR1 mRNA from HeLa cell clones and of rescued MCUR1 mRNA levels in shHe2
clone (n=3; mean * s.e.m). The same lentiviral ShARNAs were used to generate shHK4 and
shHel and shHKS5 and shHe2, respectively. (f) (Top) MCURL1 protein expression levels and
densitometric analysis (n=3; £ s.e.m.). (Bottom) Flag-tagged MCUR1 protein expression in
clone shHe2 cells reconstituted with sShRNA resistant MCUR1 cDNA plasmid. (g and h)
Representative images from movies of HEK 293T NegshRNA or shHKS5 cells showing
cytosolic (green) and mitochondrial (red) [Ca2*] before (left), during (middle) and after
(right) ionomycin exposure. Scale bar: 20 um. (i—p) Cytoplasmic (green) and mitochondrial
matrix (red) [Ca%*] responses in 293T (i-I1) and HeLa (m-p) cells challenged with
ionomycin or histamine (100 uM), respectively. (n=3) (i) Wild-type 293T cells. (j) Cells
expressing negative ShRNA. (k) Clone shHK5 (n=4). (I) Quantification of peak rhod-2
fluorescence. **P < 0.01 (mean * s.e.m.). (m) HeLa cells expressing negative shRNA. (n)
Clone shHe2. (o) Clone shHe2 re-expressing MCURL1 (n=3). (p) Quantification of peak
rhod-2 fluorescence. *P < 0.05, **P < 0.01 (mean + s.e.m.). (q) [Ca2*]; and [CaZ*], signals
evoked by ATP (100 uM) and thapsigargin (Tg, 2 iM) were monitored simultaneously using
fura2/AM and mtipcam, respectively in control (upper) and MCUR1 KD (middle) HelLa
cells. [Ca%*]. calibrated in nM (black), whereas mtipcam fluorescence is inversely
normalized to baseline (Fo/F) (red). (r) Summary mean [Ca2*]. and [Ca?*], peaks during
ATP stimulation (negShRNA n=29; MCUR1 KD n=36 cells,. *P < 0.05 (mean + s.e.m.). (s)
Increase in bath [Ca?*] (Rfyra2) and [Ca?*] (Rmipcam) signals in response to CaCl; (1 uM)
and IP3 (7.5 uM) addition in permeabilized cells.
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Figure 2. MCURL is required for Ru360 sensitive mitochondrial Ca2* uptake but independent of

mitochondrial CaZ* efflux pathway

Digitonin-permeabilized HeLa cells bathed in intracellular-like solution containing
thapsigargin (Tg) were loaded with the AUm indicator JC-1 and the Ca?* indicator Fura2FF,
to which pulses of 10 M Ca?* were added before addition of mitochondrial uncoupler
CCCP (carbonyl cyanide m-chloro phenyl hydrazone). Representative traces from three
independent experiments depict simultaneous changes of bath [Ca%*] and AUm in (a) cells
expressing negative ShRNA, (b) clone shHel(c) clone shHe2, (d) clone shHe2 re-expressing
MCURYL, and (e) HeLa cells stably over-expressing MCURL. Under similar conditions, 1
M Ru360 was added before 10 pM Ca?* pulses until addition of mitochondrial uncoupler
CCCP. Representative traces from three independent experiments depict simultaneous
changes of bath [Ca2*] and AUm in (f) Negative sShRNA cells, (g) MCUR1 knockdown
clone shHel and (h) shHe2, and (i) in control cells over-expressing MCUR1. Neg shRNA
(J) and MCUR1 overexpressing (k) HEK 293T cells were permeabilized with digitonin in
intracellular-like medium containing thapsigargin (Tg) and bath [Ca%*] indicator Fura FF,
and then pulsed with 10 uM Ca2*. After mitochondrial clearance of bath Ca2*, Ru360
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caused elevation of bath [Ca2*], indicating that steady-state bath [Ca2*] after pulse was
maintained by balance of MCU-mediated Ca?* uptake and CGP37157 (10 uM)-sensitive
Na*-Ca?* exchanger-mediated extrusion. CCCP added as indicated. Solid line is mean;
shaded areas are + s.e.m. (n=3). (1) [Ca2*],, efflux rate derived from (j) and (k) during initial
60 s following Ru360 addition (n.s.; not significant, (n=3)). (m) HEK 293T cells stably
expressing negative ShRNA or MCUR1 shRNA (clone shHe2) and clone ShHe2 re-
expressing MCURL cells were permeabilized with digitonin in intracellular-like medium
containing bath [Ca%*] indicator Fura FF. CCCP added as indicated. Traces show bath
[Ca%*] (uM). (solid lines are mean; shaded regions are + s.e.m. (n= 3). (n) Quantification of
total mitochondrial Ca?* released after CCCP addition. *P < 0.05, **P < 0.01 (mean +
s.e.m).
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Figure 3. Mitochondrial inner membrane localization and topology of MCURL1 and its
interaction with MCU
Confocal images of HeLa cells transiently co-transfected for 48 hrs with (a) GFP-tagged

MCURL1 and DsRed Mito plasmids or (b) mRFP-tagged MCURL1 and EYFP-Mito. Scale
bar: 20 um. (c) Immunoblot analysis of Flag-tagged MCURL in HeLa cell crude
mitochondrial fraction, outer mitochondrial membrane (OMM) and mitoplasts, using
antibodies against VDAC1 (OMM protein), COIl (integral membrane marker) and Flag. (d)
Immunoblot analyses of mitochondria-containing pellet and cytosolic fractions from plasma
membrane-permeabilized HeL a cells. Permeabilized cells were treated with or without tBid
(50 nM) for outer mitochondrial membrane (OMM) permeabilization and appearance of
cytosolic cytochrome c was verified. Intact and OMM permeabilized samples were exposed
to Proteinase K for 10 min. These samples were probed using antibodies against HSP60,
OXAL1, Flag and MCURL. (e) Reciprocal co-immunoprecipitation of MCU-GFP and
MCURZ1-Flag transiently expressed in COS7 cells. Representative of four independent
experiments. (f) Co-immunoprecipitation of MICU1-Flag with MCU-GFP but not with
MCURL1-GFP transiently expressed in COS7 cells. Representative of four independent
experiments. (g) Immunoprecipitation of LETM1-GFP with anti-LETM1 failed to pull down
MCURL1-Flag in transiently-transfected COS7 cells. (h) Immunoprecipitation with Flag
antibody pulled down LETM1-Flag or MCU-Flag transiently expressed in COS7 cells (IP
lanes 2 and 3, lower panel), but only co-immunoprecipitated MCUR1-V5 in the MCU-Flag
expressing cells (IP lanes 4 vs 5, upper panel), despite lower expression of MCU-Flag in
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MCURZ1-cotransfected cells (compare MCU-Flag and LETM1-Flag expression in MCUR1-
cotransfected cells in lysate lanes 4 and 5, bottom panel). Representative of three
independent experiments.
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Figure 4. MCURL is essential for MCU-dependent mitochondrial ca?* uptake
(a) gRT-PCR of MCU mRNA from wild type and stable MCURL1 over-expressing HelLa

cells that were transiently transfected with scrambled siRNA or siRNA against MCU. ***p
<0.001 (mean * s.e.m). (b) [Ca%*],,, responses to histamine (100 uM) in HeLa cells stably
over-expressing MCURL1 and in cells transiently transfected with scrambled siRNA or MCU
SiRNA, and in stable MCURL1 over-expressing HelLa cells transfected with MCU siRNA.
After 48 hr of siRNA transfection, cells were loaded with rhod-2 and [Ca2*],, responses
were visualized by confocal microscopy. (solid lines are mean; shaded regions are + s.e.m.;
n= 3). (c) Quantification of peak rhod-2 fluorescence following histamine stimulation. *P <
0.05, ***P < 0.001 (mean % s.e.m; n=3). (d) qRT-PCR of MCU mRNA from wild type and
MCUR1 knockdown HeLa cells that were transiently transfected with MCU cDNA. **P <
0.01, ***P < 0.001 (mean + s.e.m.; n=3). (e) [Ca2*],, responses to histamine (100uM) in
wild-type and MCUR1 (shHe2) knockdown HeLa cells over-expressing MCU. Negative
shRNA and MCUR1-shHe2 cells were used as controls. (solid lines are mean; shaded
regions are = s.e.m.; n= 3). (f) Quantification of peak rhod-2 fluorescence following
histamine stimulation. ***P < 0.001 (mean % s.e.m; n=3).
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Figure 5. MCURL is required for maintenance of cellular bioenergetics
(a) AMP/ATP ratios in stable HelLa cell lines stably expressing negative ShRNA, MCUR1

SshRNA (clone shHe2) or ShHe2 with MCUR1 re-expressed. **P < 0.01 (mean + s.e.m.;
n=3). (b) O, consumption rates (OCR) in stable HeLa cells expressing irrelevant ShRNA,
clone ShHe2, and clone ShHe2 re-expressing MCURZL, exposed sequentially to (a)
oligomycin, (b) FCCP, and (c) rotenone plus myzothiazol. (c) Basal and maximal OCR in
cells as described in (B). *P < 0.05 (mean + s.e.m.; n=3). (d) Western blot of
phosphorylated and total AMPK (top) and densitometric analysis (bottom) in stable Hela
lines expressing negative ShARNA or MCUR1 shRNA (clone sheHe2) and clone shHe2 re-
expressing MCURL. *P < 0.05, **P < 0.01 (mean £ s.e.m.; n=3). (e) Western blot of LC3 or
tubulin in stable HelLa lines expressing negative ShRNA or MCUR1 shRNA (clone sheHe2)
and clone ShHe2 re-expressing MCURL (top) and quantification of LC3-11/(LC3-1 + LC3-I1)
(bottom) expressed as fold increase over levels in cells expressing irrelevant ShRNA. *P <
0.05, **P < 0.01 (mean £ s.e.m.; n=3). (f and g), as in (d and e). Activation of AMPK (f)
and autophagy (**P < 0.001; mean + s.e.m.; n=3) (g) in absence and presence of InsP3R
inhibitor Xestospongin B (XeB). *P < 0.05, **P < 0.001, ns = not significant (mean £
s.e.m.; n=3).
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