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SUMMARY

Mitochondrial Ca2+ Uniporter (MCU)-dependent
mitochondrial Ca2+ uptake is the primary mecha-
nism for increasing matrix Ca2+ in most cell types.
However, a limited understanding of the MCU
complex assembly impedes the comprehension of
the precise mechanisms underlying MCU activity.
Here, we report that mouse cardiomyocytes and
endothelial cells lacking MCU regulator 1 (MCUR1)
have severely impaired [Ca2+]m uptake and IMCU

current. MCUR1 binds to MCU and EMRE and func-
tion as a scaffold factor. Our protein binding
analyses identified the minimal, highly conserved
regions of coiled-coil domain of both MCU and
MCUR1 that are necessary for heterooligomeric
complex formation. Loss of MCUR1 perturbed
MCU heterooligomeric complex and functions as a
scaffold factor for the assembly of MCU complex.
Vascular endothelial deletion of MCU and MCUR1
impaired mitochondrial bioenergetics, cell prolifera-
tion, and migration but elicited autophagy. These
studies establish the existence of a MCU complex
that assembles at the mitochondrial integral mem-
Cel
This is an open access article und
brane and regulates Ca2+-dependent mitochondrial
metabolism.
INTRODUCTION

The mitochondrial Ca2+ uniporter (MCU) is a multimeric complex

that mediates the rapid uptake of cytosolic Ca2+ from intracellular

store release. Rapidmitochondrial Ca2+ ([Ca2+]m) uptake is essen-

tial for mitochondrial functions, including ATP production and

various cellular signaling processes (Babcock et al., 1997; Drago

et al., 2011; Duchen, 2000; Glancy and Balaban, 2012; Hajnóczky

et al., 1995;O’Rourke, 2007;Rizzutoet al., 2012). AlthoughMCU is

a highly selective Ca2+ channel, the precise physiological role and

the molecular structure of the mitochondrial Ca2+ uniporter com-

plex still has to be determined (Kamer andMootha, 2015; Kirichok

et al., 2004). The defining feature of MCU as a channel is that it is

activated by finite cytosolic Ca2+ ([Ca2+]c) and driven bymitochon-

drial membrane potential (DJm) and pH (Csordás et al., 2013;

Gunter and Pfeiffer, 1990; Mallilankaraman et al., 2012b; Nicholls,

2005;Santo-DomingoandDemaurex, 2012).Theoriginalbiophys-

ical study revealed thatMCU-mediatedCa2+ uptake is dependent

upon the DJm (approximately �160 mV) and that mitochondrial

Ca2+ uniporter current (IMCU) is inwardly rectifying, with a high

half-saturation of �20 mM [Ca2+]c (Kirichok et al., 2004). Given

that the discovery of MCU and its regulators MICU1, MICU2
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(mitochondrial Ca2+ uptake), MCUR1 (MCU regulator 1), MCUb,

andEMRE (essentialMCU regulator), there has beenconsiderable

interest and uncertainty about how these components constitute

and determine MCU activity (Baughman et al., 2011; De Stefani

et al., 2011; Mallilankaraman et al., 2012a; Perocchi et al., 2010;

Plovanich et al., 2013; Raffaello et al., 2013; Sancak et al., 2013).

The active-state transport of Ca2+ into the mitochondria is facili-

tated by MCU and is enhanced by MCUR1 (Mallilankaraman

et al., 2012a; Vais et al., 2015). Interestingly, even though excitable

and nonexcitable cells express mitochondrial Ca2+ uniporter

complex components ubiquitously, IMCU activity is differentially

controlled (Carafoli and Lehninger, 1971; Fieni et al., 2012; Kwong

et al., 2015; Luongo et al., 2015; Pan et al., 2013; Rasmussen et al.,

2015; Williams et al., 2013). MCU regulators play a key role in the

regulation of tissue-specificmitochondrial Ca2+ uptake. However,

until now, only the MICU1-MICU2-mediated molecular mecha-

nism of MCU regulation has been deciphered (Csordás et al.,

2013; Hoffman et al., 2013; Kamer and Mootha, 2014; Mallilan-

karaman et al., 2012b; Petrungaro et al., 2015). The question still

remains regarding how other regulators of MCU control MCU ac-

tivity. MCUR1 is originally identified as regulator of MCU in the

screening of 45 integral mitochondrial proteins. Recent work on

MCUR1 was proposed as a cytochrome c oxidase (COX) assem-

bly factor (Paupe et al., 2015). Here, we show that tissue-specific

deletion of MCUR1 in mice resulted in decreased MCU-mediated

[Ca2+]m uptake. We have used various biochemical tools to deci-

pher the mechanism of MCUR1-mediated regulation of MCU ac-

tivity and mitochondrial bioenergetics.

RESULTS

Deletion of MCUR1 in the Heart and Vasculature
Regulates MCU-Dependent [Ca2+]m Uptake
To investigate the regulatory role of MCUR1 in MCU-mediated

[Ca2+]m uptake in vivo, we generated tissue-specific MCUR1

null mice. Additionally, we investigatedMCU- andMCUR1-inter-

acting domains that are required for MCU complex assembly.

To study the function of MCU complex component MCUR1

in highly oxidative phosphorylation (OXPHOS) and moderate

OXPHOS-dependent cell types,wegeneratedcardiac- andendo-

thelial-specific knockout (KO) mice models (Figures S1A–S1F).

Although cardiac and endothelial MCUR1-deficient mice in the

C57BL/6 background were viable, and the expected Mendelian

ratios postnatally were similar, we observed fewer cardiac

MCUR1-deficient (MCUR1fl/fla-MHCCre; cMCUR1 KO) mice—

but not endothelial MCUR1-deficient (MCUR1fl/flVE-Cad-Cre;

MCUR1DEC) mice—that were also smaller and died 3 weeks

afterbirth. Formechanistic and functional studies, viablecMCUR1

KO mice were used. Similar to MCUR1DEC, germline deletion of

MCU in endothelial cells did not result in any discernable pheno-

type (Figures S1A–S1F). Assessment of control, MCUR1DEC, and

cMCUR1 KO mice showed similar 24-hr metabolic profiles and

serumchemistry, although the resting heat productionwas higher

in MCUR1DEC (Figures S1G–S1N). To examine the effect of

MCUR1 in MCU-mediated [Ca2+]m uptake, freshly isolated cardi-

omyocytes fromMCUR1fl/fl (Figures 1A and 1B, black), aMHCCre

(Figures 1A and 1B, red), and cMCUR1 KO (Figures 1A and 1B,

green) were permeabilized, and [Ca2+]m uptake was measured.
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cMCUR1 KO mitochondria showed almost no [Ca2+]m uptake in

response to extramitochondrial Ca2+ pulses (Figures 1A and 1B).

Similar to cardiomyocytes, endothelial cells or fibroblasts lacking

eitherMCUR1orMCU resulted in nominal [Ca2+]m uptake (Figures

1C and 1D and S1O–S1Q). However, mitochondrial membrane

potential (DJm) was unchanged in cells lacking both MCU and

MCUR1 (Figures S1R–S1T). To determine whether MCUR1 has

a role in suppressing IMCU currents, cardiac mitochondria were

isolated from MCUR1fl/fl, a-MHCCre, and cMCUR1 KO mice,

andmitoplastswere subjected to IMCUcurrent recording (Hoffman

et al., 2013; Kirichok et al., 2004). cMCUR1 KO mitochondria

showed a marked decrease of IMCU current; collectively, these

data provide genetic evidence that MCUR1 controls IMCU current

and MCU-dependent [Ca2+ ]m uptake (Figures 1E and 1F). Impor-

tantly, the resting [Ca2+]m was reduced in endothelial cells lacking

MCUR1 and MCU (Figures S1V and S1W) but not in cardiomyo-

cytes lacking MCUR1 (Figure S1U). Because MCU and MCUR1

control [Ca2+]m uptake,mitochondrial Ca2+ handling could impact

endothelial proliferation and migration, which are key functions of

angiogenesisduringwoundhealing (DavidsonandDuchen, 2007).

To determine whether proliferation and migration are altered in

these mice, primary endothelial cells obtained from MCUR1DEC

andMCUDECwereassessedbyflowcytometry andscratchassay.

Endothelial cell proliferative index and migratory capacity were

attenuated in the MCUR1DEC and MCUDEC, suggesting perturba-

tion of Ca2+ flux between cytosol and mitochondria (Figures 1G

and 1H). Given that Ca2+ signaling is essential for cell migration,

mitochondrial biogenesis, bioenergetics, and dynamics-related

component abundance were examined. Loss of MCUR1 had no

detectable effect on mitochondrial metabolic protein profiles

and OXPHOS complex components (Figures 1I and S1X–S1Z).

MCUR1 Directly Binds MCU and EMRE to Form Active
MCU Complex
Because the functional MCU complex and core signaling system

are composed of an oligomeric MCU and a family of essential

regulators, we tested whether mitochondrial localized MCUR1

modulates MCU activity through a protein-protein interaction.

To test this, we conducted immuno-affinity binding followed by

quantitative mass spectrometry (MS) analysis. First, HEK293T

cells stably expressing MCUR1-FLAG were generated, and cell

lysates were immunoprecipitated with FLAG-antibody-conju-

gated beads. The stringently washed, immunoprecipitated sam-

ples were subjected to MS. Three independent pooled samples

were able to identify MCUR1 as a component of MCU complex

(Figures S2A and S2B; Table S1). To further confirm the endog-

enous binding partners of MCUR1, we first generated C-terminal

V5-tagged MCUR1 and FLAG-tagged MCU, MICU1, CCDC90B,

EMRE, and LETM1 plasmid constructs. Individual MCU complex

component and LETM1 plasmids were transiently transfected

into COS-7 cells, and cell lysates were subjected to immunopre-

cipitation with V5-antibody. Transfection of COS-7 cells with

these tagged proteins showed considerable ectopic protein

expression (Figure 2A, top and bottom right). The FLAG-tagged,

as well as V5-tagged, individual protein cell lysates were incu-

bated with antibodies specific for V5 to immunoprecipitate

the protein complexes. V5-taggedMCUR1 protein was immuno-

precipitated, while FLAG-tagged candidate proteins did not
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I Figure 1. Loss of MCUR1 Impairs MCU-De-

pendent [Ca2+]m Uptake and Cell Migration

(A) Cardiomyocytes from mice of the indicated ge-

notypes were isolated and permeabilized with digi-

tonin (80 mg/ml) in intracellular-likemedia containing

thapsigargin (2 mM) and bath [Ca2+] indicator Fura-

2FF (1 mM). After reaching steady-state DJm, a se-

ries of extramitochondrial Ca2+ (10 mM) pulses were

addedat the indicated timepointsbefore adding the

mitochondrial uncoupler CCCP (2 mM). Represen-

tative traces of extramitochondrial Ca2+ ([Ca2+]out)

clearance by permeabilized cardiomyocytes iso-

lated from MCUR1fl/fl (black), aMHCCre (red), and

cMCUR1 KO (green) mice. n = 3.

(B) Mitochondrial Ca2+ uptake rate was calculated

from traces shown in (A). Data indicate mean ±

SEM. ***p < 0.001; n = 3.

(C) Representative traces of [Ca2+]out clearance by

permeabilized primary mouse pulmonary vascular

endothelial cells (MPVECs) isolated from VE-Cre

(black), MCUDEC (blue), and MCUR1DEC (red)

mice. 10 mM [Ca2+]out bolus and CCCP (2 mM)

were added at the indicated time points. n = 3.

(D) Mitochondrial Ca2+ uptake rate was calculated

from traces shown in (C). Data indicate mean ±

SEM. ***p < 0.001; n = 3.

(E) IMCU current in mitoplasts derived from

MCUR1fl/fl (black), aMHCCre (red), and cMCUR1

KO (green) cardiomyocytes. Traces are a repre-

sentative single recording of IMCU.

(F) IMCU densities (picoamperes per picofarads;

pA/pF) in mitoplasts derived from MCUR1fl/fl

(black), aMHCCre (red), and cMCUR1 KO (green)

cardiomyocytes. Data indicate mean ± SEM. **p <

0.01; ns, not significant; n = 4–7.

(G) Quantification of proliferative index in endo-

thelial cells (ECs) derived from VE-Cre, MCUDEC,

and MCUR1DEC mice. Data indicate mean ± SEM.

*p < 0.05; ***p < 0.001; n = 3–4.

(H) Quantification of gap closure in ECs derived

from VE-Cre, MCUDEC, and MCUR1DEC mice at 24

and 48 hr. Data indicate mean ± SEM. *p < 0.05;

n = 7.

(I) Abundance of indicated mitochondrial pro-

teins in cardiomyocytes derived from aMHCCre,

MCUR1fl/fl, and cMCUR1 KO mice (n = 3; three

mice per group).
pull down, demonstrating antibody specificity (Figure 2A, top

and bottom left). Next, we cotransfected MCUR1-V5 with

MCU-FLAG, MICU1-FLAG, CCDC90B-FLAG, EMRE-FLAG,

and LETM1-FLAG in COS-7 cells. The immunoprecipitation

with V5 antibody was able to pull down MCU, CCDC90B, and

EMRE-FLAG proteins along with MCUR1 (Figure 2A, top left).

Notably, no interaction was seen between MCUR1 and MICU1

or betweenMCUR1 and LETM1 (Figure 2A, top left). Importantly,

MCUR1 binds not only MCU but also EMRE and CCDC90B (Fig-

ure 2A). Therefore, we investigated whether CCDC90B also

binds with MCU. Similar to the MCUR1 immunoprecipitation

protocol, C-terminal hemagglutinin (HA)-tagged CCDC90B was

co-transfected with MCU-FLAG, MICU1-FLAG, MCUR1-FLAG,

EMRE-FLAG, and LETM1-FLAG in COS-7 cells and investigated
their binding by coimmunoprecipitation. Immunoprecipitation

of the HA-tagged CCDC90B resulted in strong coimmunopreci-

pitation of MCU, MCUR1, and EMRE, indicating that both

MCUR1 and CCDC90B can interact with MCU components

(Figure 2B). We also tested the reciprocal immunoprecipitation

using MCU-GFP as bait. C-terminal GFP-tagged MCU was co-

transfected with MICU1-FLAG, MCUR1-FLAG, EMRE-FLAG,

CCDC90B-FLAG, and LETM1-FLAG in COS-7 cells, and inter-

actions were determined by coimmunoprecipitation. Consistent

with MCU as the core component of the MCU complex,

MCUR1, EMRE, MICU1, and CCDC90B coimmunoprecipitated

with MCU-GFP (Figure 2C). Note that, since MCUR1 undergoes

processing, both unprocessed and processed MCUR1 were

able to interact with MCU and EMRE. Having observed
Cell Reports 15, 1673–1685, May 24, 2016 1675
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Figure 2. MCUR1 Binds MCU and EMRE

(A) COS-7 cells were transfected with V5-tagged MCUR1 and FLAG-tagged MCU, MICU1, CCDC90B, EMRE, and LETM1 as indicated. Following immuno-

precipitation with V5 antibody, total cell lysates and immunoprecipitated materials were subjected to western blot analysis. Cell lysates were probed with anti-

FLAG (top right) or anti-V5 (bottom right) antibodies to serve as inputs. Immunoprecipitated samples were probed with anti-FLAG (top left) and anti-V5 (bottom

left) antibodies (n = 3).

(B) Western blot analysis of cell lysates (right) or immunoprecipitates (IP; left) from COS-7 cells expressing HA-tagged CCDC90B singly or in combination with

FLAG-tagged MCU, MICU1, MCUR1, EMRE, and LETM1 (n = 3).

(C) Western blot analysis of cell lysates (right) or immunoprecipitates (IP; left) from COS-7 cells expressing GFP-taggedMCU and FLAG-taggedMCUR1, MICU1,

CCDC90B, EMRE, and LETM1 (n = 3). IgG, immunoglobulin G.

(D) Western blot analysis of cell lysates (right) or immunoprecipitates (IP; left) fromCOS-7 cells expressing V5-taggedMCUR1 and FLAG-taggedMCU andMCUb

(n = 3).
MCUR1 association with LETM1, but not EMRE, by global

immunoprecipitation proteomics suggests the endogenous pro-

tein abundancy. Our further validation by stringent conventional

immunoprecipitation assay revealed MCUR1 to directly bind

EMRE, and not LETM1, suggesting an indirect MCUR1-LETM1

interaction. Having observed that CCDC90B binds MCU and

MCUR1, we measured the MCU-dependent [Ca2+]m uptake in

CCDC90B knockdown (KD) cells. Silencing of CCDC90B did

not alter [Ca2+]m uptake, suggesting its nominal role in MCU
1676 Cell Reports 15, 1673–1685, May 24, 2016
activity (Figures S2C–S2E). As we demonstrated experimentally,

the KD of CCDC90B failed to affect the MCU-mediated mito-

chondrial Ca2+ uptake, though it interacts with MCU complex.

Additionally, it is important to note that MCU, MICU1, MCUR1,

and EMRE are absent in the yeast. However, CCDC90B is

present in the yeast and may serve a different function. Further-

more, immunoprecipitation of MCU-GFP was able to pull down

MICU1-FLAG, indicating that MCUR1 can bind to MCU and

EMRE independent of MICU1. To determine whether MCUR1



bindsMCUb, which is a paralogue of MCU, we analyzed the pro-

tein-protein interaction of MCUR1 andMCUb by immunoprecip-

itation. Immunoprecipitation of MCUR1 was able to pull down

MCU, but not MCUb, reinforcing that MCUR1 is a specific bind-

ing partner of MCU (Figure 2D). Our assessment of MCUb-

MCUR1 interactions is based on both immunoprecipitation and

MS data, neither of which showed an interaction between these

proteins. It is plausible that the stoichiometry of MCU andMCUb

may vary in tissues, and future studies are warranted.

Based on these key MCU binding results, we developed an

imaging technique, bimolecular fluorescence complementation

(BiFC), to visualize and determine MCU complex components

on a single-cell basis. BiFC uses a photostable version of two

separated yellow fluorescence protein (YFP) fragments (Venus-

N155 and Venus-C155) to assess topology-based interactions

in live cells. Each fragment on its own is not fluorescent, but

upon interaction of the partners, the complex becomes fluores-

cent (Kodama and Hu, 2010). This technique can also detect

recruitment of MCU components to its activation platform

making split Venus particularly suitable for real-time imaging,

because the association occurs quickly under physiological

conditions. To visualize the BiFC protein-protein interaction,

live HeLa cells were stained with a DJm mitochondrial indicator,

TMRM. HeLa cells transiently transfected with only one portion

of the fluorescent complex, VC155-MCU fragment, remained

non-fluorescent (Figures 3A and 3B). MCU-MCU, MCUR1-

MCUR1 and MCUR1-EMRE interactions showed fluorescence

by complementation due to complex formation and because

the split Venus components were on the same side of the inner

mitochondrial membrane (IMM). To assess the C-terminal region

of EMRE biochemically, C-terminal, FLAG-tagged, EMRE-ex-

pressing permeabilized cells were exposed to an outer mito-

chondrial membrane (OMM) permeabilizing agent, mastoparan,

followed by proteinase K (Figure S2F). The BiFC and proteinase

K experiments suggest that the MCUR1-EMRE complex

formation occurs likely on the intermembrane space side.

The MCUR1-MCU, EMRE-MCU, MCUR1-MICU1, and EMRE-

MICU1 pairs were unable to reconstitute the fluorescence,

because the Venus components were on opposite sides of

the IMM (Figures 3A, 3B, and 3F). Similar to the immunoprecip-

itation protein-protein interaction data, which demonstrated

that MICU1 and MCUR1 do not interact, VN155-MCUR1 and

VC155-MICU1 failed to display any BiFC fluorescence. Thus,

BiFC sequential co-expression of MCU components revealed

topology-dependent interactions. We also determined whether

MCUR1 and EMRE distribution at the subcellular level is exclu-

sive for mitochondria. An intensity profile analysis of the BiFC

signal revealed near-complete overlay of both BiFC and TMRM

fluorescence, suggesting that most of the MCUR1 and EMRE

complex formation occurs in the mitochondria (Figure 3C).

Based on these findings, several issues must be addressed to

determine whether and how the distribution of the heterooligo-

meric MCU complex is involved in opening MCU channels. First

does MCUR1-EMRE accumulate in puncta enough to rapidly

activate the MCU channel? To address this question, we visual-

ized the BiFC signals at higher resolution to monitor MCU com-

plex distribution in HeLa cells (Figure 3D). The MCUR1-EMRE

BiFC distributed into puncta over TMRM, supporting the idea
that MCUR1 is required for MCU complex. Having observed

that MCUR1-EMRE forms a puncta, we tested whether the

loss of MCUR1 impacts oligomeric MCU distribution. The forma-

tion of MCU puncta was markedly reduced in cells lacking

MCUR1 (Figure 3E). Collectively, these results indicate that

MCUR1 is necessary for MCU complex formation.

Loss of MCUR1 Disrupts MCU Complex Assembly
The observation that MCUR1 binds with MCU and EMRE led us

to explore MCUR1-dependent MCU complex assembly by blue

native (BN)-PAGE and FPLC (fast protein liquid chromatography)

analysis. To examine the size of the MCU complex produced by

the interaction of MCU and its regulators, total cell lysates were

analyzed by size exclusion chromatography. We transfected

HEK293T wild-type (WT) cells with MCU alone or in combina-

tions of MCU with MCUR1. Fractions from a FLAG-tagged

MCU-expressed sample revealed oligomers with apparent mo-

lecular mass between �670 and 44 kDa (Figures 4A and 4B,

top). However, V5-MCUR1 alone appeared as a low-order olig-

omeric complex (Figures 4A and 4B, top). Because MCU and

MCUR1 interact, the coexpression may stabilize higher order

oligomeric forms. When MCU was cotransfected with MCUR1,

probing for both MCU and MCUR1 revealed a higher order olig-

omeric size, indicating that MCUR1 binds with MCU and that,

likely, the binding is a determinant of MCU oligomerization (Fig-

ures 4A and 4B, middle). We also tested whether the loss of

MICU1 affects MCU higher order oligomerization. The formation

of higher order MCU oligomer is unaffected in MICU1 KD cells,

suggesting the MICU1 role for Ca2+ sensing and dynamic nature

of the MCU and MICU1 complex (Figure 4A, bottom). These

results indicate that MCU andMCUR1 are part of the MCU com-

plex. Having observed the stabilization of the higher order oligo-

meric MCU complex in the presence of MCUR1, we examined

whether the loss of MCUR1 results in low-order molecular

MCU complex. To further establish thatMCUR1 facilitates higher

order oligomeric MCU complex, FLAG-tagged adenoviral-MCU

(Ad-MCU) was expressed in MCUR1DEC endothelial cells (Fig-

ure 4C). BN-PAGE and FPLC MCU fractionation profile analysis

showed that loss of MCUR1 resulted in a significant disruption

of MCU heterooligomeric size (Figures 4D–4F). These results

indicate that MCU andMCUR1 are binding partners in the stable

assembly of the MCU complex.

To identify the regions of MCUR1 and MCU that are determi-

nants of interaction, we generated a series of MCU truncations

and examined their ability to interact with MCUR1 in mitochon-

dria. The truncated MCU-GFP constructs were generated by

71, 30, 31, and 7 (D1, D2, D3, and D4) amino acid deletions of

full-length MCU (Figure 5A). To identify the interaction between

the MCU regions and MCUR1, we ectopically expressed these

MCU-GFP mutants individually or in combination with MCUR1-

FLAG plasmid in COS-7 cells (Figure 5B, top and bottom left).

Immunoprecipitation of MCU with an antibody specific for

GFP, followed by western blotting, revealed that the D1 and D4

region corresponding to the MCU N-terminal domain (NTD)

and coiled-coil domain of MCU is a determinant of MCUR1 bind-

ing (Figure 5B, top right). Having observed the MCU-MCUR1

determinant site of MCU, we systematically generated trunca-

tions of MCUR1-FLAG (DN20, D1, D2, D3, D1,2, and D2,3)
Cell Reports 15, 1673–1685, May 24, 2016 1677
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Figure 4. MCUR1 Is Required forMCUCom-

plex Assembly

(A) HEK293T cells were transfected with MCU-

FLAG or MCUR1-V5 alone and in combination,

and cell lysates were subjected to FPLC analysis.

FPLC fractions were probed with FLAG or V5 an-

tibodies (top and middle). Neg-shRNA and MICU1

KD HEK293T cells were transfected with MCU-

FLAG, and cell lysates were subjected to FPLC

analysis. FPLC fractions were probed with FLAG

antibody (bottom). (n = 3).

(B) MCU and MCUR1 protein elution profiles were

quantified from (A) and expressed as normalized

intensity.

(C)Western blot analysis of cell lysates from

MCUR1fl/fl and MCUR1DEC ECs transduced

with Ad-MCU FLAG and probed with FLAG

antibody.

(D) Ad-MCU-FLAG expressing MCUR1fl/fl and

MCUR1DEC EC lysates were immunopurified with

FLAG antibody, and FLAG peptide (100 mg/ml;

Sigma) was used to elute MCU-FLAG from affinity

resins. The eluted immunoprecipitates were sub-

jected to BN-PAGE and probed for FLAG antibody.

IgG, immunoglobulin G.

(E) MCUR1fl/fl (top) and MCUR1DEC (bottom) ECs

expressing Ad-MCU-FLAGwere lysed, cell lysates

were separated on a Superdex 200 gel filtration

column, and fractions were immunoblotted with

FLAG antibody.

(F) The intensity profile of MCU protein band cor-

responding to the elution fraction number (n = 3).
(Figure 5C). Similarly, MCUR1 truncation mutants and full-length

MCU-HA were co-expressed and subjected to immunoprecipi-

tation using an antibody specific for HA (Figure 5D). Immunopre-

cipitation analysis indicated that MCUR1 D3, D1,2, and D2,3

failed to bind with MCU-HA, suggesting that the D3 region corre-

sponding to the putative coiled-coil domain of MCUR1 is a bind-

ing determinant of MCU-MCUR1 (Figure 5D, top right). These

results indicate that MCU and MCUR1 binding is determined

through coiled-coil domain interactions.
Figure 3. MCUR1 Binds MCU and EMRE to Form Complex Puncta in Mitochondria

(A and B) BiFC analysis to visualize MCU complex components on a single-cell basis. Representative confoc

with separated YFP fragments that were tagged at the C terminus of MCU complex components (Venus-N15

marker TMRM (n = 3–4).

(C) Spatial overlap and intensity profiles demonstrate mitochondrial co-localization of MCUR1 and EMRE (n

(D) Representative high-resolution confocal image depicts the MCUR1/EMRE complex puncta in mitochond

(E) Top: representative high-resolution confocal images of livemouse embryonic fibroblasts (MEFs) transiently

control and MCUR1 KO (n = 3). Bottom: spatial overlap and intensity profiles.

(F) Cartoon depicting the topology and interactions of MCU complex. IMS, inter-membrane space.

Cell R
Inhibition of MCU/MCUR1-
Dependent [Ca2+]m Uptake
Perturbs Cellular Bioenergetics
and Promotes Autophagy
Perturbation of [Ca2+]m uptake may

lead to cellular bioenergetic crisis

(McCormack and Denton, 1990; Shan-

mughapriya et al., 2015b). To determine
the effect of reduced [Ca2+]m uptake, ATP levels in endothelial

cells derived fromMCUR1DEC andMCUDECmicewere examined.

Consistent with reduced [Ca2+]m uptake, basal ATP levels were

significantly reduced in MCUR1DEC and MCUDEC endothelial

cells (Figure 6A). Next, we examined whether agonist-induced

[Ca2+]m uptake affects ATP levels in endothelial cells derived

from MCUR1DEC. Endothelial cells isolated from VE-Cre and

MCUR1DEC were stimulated with a GPCR agonist, thrombin,

and ATP levels were measured. Upon stimulation, control cells
al images of live HeLa cells transiently transfected

5 and Venus-C155) and stained with mitochondrial

= 3).

ria.

cotransfectedwithMCU-GFP andCox8a-mRFP in
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Figure 5. Coiled-Coil Domains of MCUR1 and MCU Are Determinants for MCU-MCUR1 Binding

(A) Schematic of full-length MCU with its functional domains and truncated versions of MCU (MCU D1–D4).

(B) Cell lysates (left) or immunoprecipitated material (IP; right) from COS-7 cells expressing MCU-GFP/MCUR1-FLAG or MCUR1-FLAG/MCU D1-D4-GFP either

individually or in combination as indicated and immunoblotted for FLAG (top) and GFP (bottom) antibodies (n = 3). WB, western blot.

(C) Schematic of full-length MCUR1 with its functional domains and truncated versions of MCUR1 (DN20, MCUR1 D1–D3, MCUR1 D1,2, and MCUR1 D2,3).

(D) Cell lysates (left) or immunoprecipitated material (right) from COS-7 cells expressing MCU-HA/MCUR1-FLAG or MCU-HA/MCUR1-FLAG truncations either

individually or in combination as indicated and immunoblotted for FLAG (top) and HA (bottom) antibodies (n = 3).
showed increased ATP levels when compared to MCUR1DEC

cells (Figure 6B). In contrast, mitochondrial-derived reactive oxy-

gen species is considerably decreased, indicating that electron-

transport complexes are intact (Figures 6C and 4D). Because

DJm and oxygen consumption rate (OCR) are unaltered, we

examined uncoupling protein (UCP)2 expression in MCUR1DEC

endothelial cells. UCP2 protein abundance was increased in

MCUR1DEC endothelial cells, suggesting that there is utilization

of the H+ gradient (Figure 6E). To further verify whether increased

levels of UCP2 promotes mitochondrial proton leak, endothelial

cells and cardiomyocytes from controls, MCUR1DEC, and

cMCUR1KOwere subjected to proton leakmeasurement. Endo-

thelial cells derived fromMCUR1DEC mice showed higher proton

leak, indicating thepossible utilization of protongradient that pre-

vents DJm hyperpolarization (Figures 6F and 6G). Given that

UCP2 is widely distributed (Echtay et al., 2001), it is conceivable

that the higher heat dissipation of MCUR1DEC animals resulted

from UCP2 upregulation. Next, we tested whether alteration
1680 Cell Reports 15, 1673–1685, May 24, 2016
of UCP2 levels affects the interaction between MCUR1 and

MCU or EMRE. Scrambled and UCP2 siRNA (small interfering

RNA)-treated HEK293T cells were single or cotransfected with

MCUR1-V5 andMCU-FLAGor EMRE-FLAGplasmid constructs.

The cell lysates were subjected to immunoprecipitation with anti-

body specific for V5 (Figure 6H). Immunoprecipitation analysis

indicated that the interaction between MCUR1 and MCU or

EMRE was unaffected, indicating that MCU complex assembly

was independent of UCP2 abundance.

Having demonstrated that MCUR1 KO results in low cellular

ATP, we postulated that alternative modes of cell survival may

be upregulated. One such pathway that may be induced is auto-

phagy (Cárdenas et al., 2010). To investigate whether autophagy

is increased duringmitochondrial MCUdysregulation, HeLa cells

stably expressing Neg-shRNA (negative control short hairpin

RNA) and MCUR1, LETM1, MCU, EMRE, and MICU1 shRNA

were infected with Ad-LC3-GFP-RFP (red fluorescent protein).

Loss of MCU complex components and LETM1 exhibited



elevated LC3 puncta and autophagy markers (Figures S3A–

S3D). However, when cells were starved for 6 hr in Earle’s

balanced salt solution, the difference in the number of LC3

puncta between control and KD cells became less evident

(Figures S3A–S3D). These KD results were further confirmed

in MCUR1DEC and MCUDEC cells, where loss of MCUR1 and

MCU resulted in an increased number of LC3 puncta and auto-

phagy markers in endothelial cells (Figures 7A–7C). Ultrastruc-

tural analysis of cMCUR1 KO cardiomyocytes displayed a higher

number of autophagosomes (Figure 7D, right). Loss of MCUR1 is

associated with increased autophagy, resulting in fewer and

elongated mitochondria within the sarcomere structure (Figures

7D and S4A). To determine whether the elevated autophagy

was eliminated, we examined autophagy markers in MCUR1 or

MCU KO endothelial cells after reconstitution of Ad-MCUR1

and Ad-MCU. As expected, reconstitution of MCUR1 and

MCU in appropriate KO endothelial cells attenuated autophagy

(Figures S4B–S4E). Together, these data establish that MCUR1

is required for MCU-dependent [Ca2+]m uptake for normal

cellular bioenergetics and cell function.

DISCUSSION

Several protein components have been identified as associating

factors for MCU complex formation, and the majority are hydro-

phobic membrane proteins. Although their precise functions

are still emerging, MICU1 is an EF-hand-containing mitochon-

drial protein that functions as a gatekeeper for MCU-mediated

[Ca2+]m uptake through its Ca2+ sensing function. TheMICU1 pa-

ralogues MICU2 and MICU3 serve to play a reciprocal role in

regulating MCU activity (Patron et al., 2014). EMRE is a single-

pass transmembrane IMM protein that is necessary for MCU

complex activity, but its precise role inMCUcomplex is unknown.

MCUR1 was originally identified as a positive regulator of MCU

complex through its interaction with core component MCU.

Silencing of MCUR1 resulted in reduced MCU complex activity

without affecting DJm. Given that the establishment of the orig-

inal biophysical characterization of MCU by using mitoplasts

derived from cells (Kirichok et al., 2004), later work showed that

purified recombinant MCU itself could reconstitute some sin-

gle-channel-like properties but lacks typical single-channel

behavior of the uniporter (De Stefani et al., 2011). Recent studies

established that MCU regulatory components are necessary for

the reconstitution of proper MCU activity (Chaudhuri et al.,

2013;Csordás et al., 2013;Hoffman et al., 2013;Mallilankaraman

et al., 2012a, 2012b;Raffaello et al., 2013; Sancak et al., 2013). To

address this discrepancy, we generated the MCUR1 KO mice,

and mitoplasts derived from cardiomyocytes clearly showed

that the loss of MCUR1 significantly suppressed the IMCU, indi-

cating that MCUR1 is essential for proper MCU activity in situ.

Recently, the N-terminal domain of MCU was shown to be

determinant of MCUR1 binding, but its regulatory role is unclear

(Lee et al., 2015). Enigmatically, it has been postulated that

MCUR1 participates as an assembly factor (Paupe et al., 2015).

The BiFC and FPLC profile analysis of MCUR1, MCU, and

EMRE led to MCUR1 characterization as an MCU complex scaf-

fold factor. The precise mechanism by which MCUR1 functions

as scaffold factor requires further research, but we show that
MCUR1 stabilizes the subcomplexes, which may help to join

them to other regulatory components such as EMRE in the full as-

sembly of the mature complex. The role of MCUR1 as an MCU

complex scaffold factor was supported by the FPLC and

immune-affinity proteomic analyses. A number of features of

MCUR1 suggest that it is involved in the assembly of the mem-

brane components of the MCU complex. First, it contains two

transmembrane and coiled-coil domains, which are necessary

for protein-protein interaction. Second, the MCU complex fails

to assemble fully in the absence of MCUR1. Additionally, loss of

MCUR1considerably reduced IMCUcurrent, suggesting that bind-

ing of MCUR1 with MCU is required for efficient MCU activity.

In the context of its functional role, lower ATP levels and auto-

phagy progression in our MCUR1 KO models is possibly due to

lack of MCU-dependent [Ca2+]m uptake, which is required for the

regulation of oxidative phosphorylation, F1F0-ATPase, and ANT

(adenine nucleotide translocase) activities (Glancy and Balaban,

2012). Surprisingly, either KD or deletion of MCU or MCUR1 in

multiple cell lines and animal models retained the normal DJm,

suggesting the utilization of proton gradient for other mecha-

nisms. Our results indicate that loss of MCUR1 in endothelial

cells resulted in UCP2 upregulation and higher heat generation.

Given that ATP synthase activity is also modulated by Ca2+, it is

conceivable that UCP2 fluxes protons to prevent DJm hyperpo-

larization. Having observed the ATP decline followed by AMPK

activation in MCU or MCUR1 KO ECs, it is tempting to speculate

that the loss of MCU-dependent Ca2+ uptake may drive the

metabolic switch of these cells. Although Ca2+-dependent

AMPK activation is known to promote autophagy, it has been

proposed that ROS also promotes autophagy and apoptosis

(Kaminskyy and Zhivotovsky, 2014). Our previous study revealed

that loss of MICU1 promotes basal mitochondrial Ca2+ accumu-

lation and mROS overproduction. The ROS elevation promotes

sensitization of cells to injury (Mallilankaraman et al., 2012b). It

is plausible that loss of MICU1 may promote ROS-dependent

autophagy. We conclude, based on our in vivo and in vitro

data, that MCUR1 assembles the MCU complex and regulates

its function during cytosolic Ca2+ dynamics.

EXPERIMENTAL PROCEDURES

Additional information regarding animals; isolation of primary MPMVECs and

MLF, HEK293T, HeLa, COS-7 cultures and generation of MCU complex stable

KD cell lines; plasmids; buffers; antibodies; sample preparation; and cell

permeabilization and detailed procedures are provided in the Supplemental

Experimental Procedures.

Animals

Cardiac-specific Mcur1 KOs were generated by crossing Mcur1fl/fl mice with

aMHC-Cre. Similarly, endothelial-specific Mcur1 and MCU KOs were gener-

ated by crossing of VE-Cre mice withMcur1fl/fl andMcufl/fl mice, respectively.

All animal experiments were approved by Temple University’s Institutional

Animal Care and Use Committee (IACUC) and followed AAALAC (Association

for Assessment and Accreditation of Laboratory Animal Care International)

guidelines. The detailed method for generating Mcur1fl/fl mice can be found

in the Supplemental Experimental Procedures.

Metabolic Assessment of Mice

The metabolic status of MCUR1fl/fl, MCUR1DEC, and cMCUR1-KO mice

was assessed using a Comprehensive Laboratory Animal Monitoring System
Cell Reports 15, 1673–1685, May 24, 2016 1681
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Figure 6. Disruption of MCU-Dependent [Ca2+]m Uptake Perturbs Endothelial Cellular Bioenergetics

(A) Scatterplot of cellular ATP levels in VE-Cre, MCUR1DEC, and MCUDEC ECs. Data indicate mean ± SEM. ***p < 0.001; n = 3–6.

(B) Bar graph represents cellular ATP levels in VE-Cre and MCUR1DEC ECs after stimulation with thrombin (500 mU/ml). Data indicate mean ± SEM. **p < 0.01;

***p < 0.001; ns, not significant; n = 4.

(legend continued on next page)
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Figure 7. Dysregulation of MCU-Dependent [Ca2+]m Uptake Triggers Autophagy

(A) Representative confocal images of mRFP-GFP tandem fluorescent-tagged LC3 (tfLC3) in VE-Cre, MCUR1DEC, and MCUDEC ECs with and without starvation

(n = 4).

(B) Quantification of normalized LC3 puncta in VE-Cre, MCUR1DEC, and MCUDEC ECs. Data indicate mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; n = 4.

(C) Western blot analysis of cell lysates from VE-Cre, MCUR1DEC, and MCUDEC ECs and cell lysates probed for LC3, p62, pAMPK, and AMPK antibodies. b-actin

served as loading control (n = 3).

(D) Electronmicrograph of heart sections of aMHCCre (left) and cMCUR1KO (middle). The cMCUR1KO image depicts the accumulation of autophagosomes (red

arrows, right) (two mice per group).
(CLAMS; Columbus Instruments). Details can be found in the Supplemental

Experimental Procedures.

Mitoplast Patch-Clamp Recording

Mitoplast patch-clamp recordings were performed at 30�C, as detailed previ-

ously (Chaudhuri et al., 2013; Hoffman et al., 2013; Joiner et al., 2012; Kirichok

et al., 2004), with the following modifications. Freshly prepared mitoplasts

were placed on Cell-Tak-coated coverslips and mounted on the microscope.
(C) Representative confocal images showing MitoSOX Red fluorescence in VE-Cr

in VE-Cre, MCUR1DEC, and MCUDEC ECs. Data indicate mean ± SEM. **p < 0.01

(D) Bar graph represents complex-I-, II-, and IV-mediated oxygen consumption ra

*p < 0.05; ns, not significant; n = 3–4.

(E) Western blot analysis of cell lysates from VE-Cre, MCUR1DEC, and MCUDEC E

control. Quantification of normalized UCP2 protein abundance in VE-Cre, MCUR

cessed; M, matured.

(F and G) Oxygen consumption rate (OCR) wasmeasured in VE-Cre, MCUR1DEC, M

FCCP, and rotenone + antimycin A were added as indicated. Bars represent m

**p < 0.01; ***p < 0.001; ns, not significant; n = 8.

(H) Forty-eight hours post-transfection with siRNA as indicated, HEK293T cells w

Cell lysates (right) or immunoprecipitatedmaterial (IP; left) from 293T cells express

combination as indicated and immunoblotted for FLAG (top) and V5 (bottom) an
Mitoplasts isolated from cardiomyocytes of WT, aMHCCre, and cMCUR1 KO

mice were bathed in a solution containing sodium gluconate (150 mM), KCl

(5.4 mM), CaCl2 (5 mM), and HEPES (10mM) (pH 7.2). The pipette solution con-

tained sodium gluconate (150 mM), NaCl (5 mM), sucrose (135 mM), HEPES

(10 mM), and EGTA (1.5 mM) (pH 7.2). After formation of GU seals (20 to

35 MU), the mitoplasts were ruptured with a 200- to 400-mV pulse for 2 to

6 ms. Mitoplast capacitance was measured (2.5 to 3.0 pF). After capacitance

compensation, mitoplasts were held at 0 mV, and IMCU was elicited with a
e, MCUR1DEC, and MCUDEC ECs. Quantification of MitoSOX Red fluorescence

; n = 3; f.a.u., fluorescence a.u.

te (OCR) in VE-Cre, MCUR1DEC, and MCUDEC ECs. Data indicate mean ± SEM.

Cs and probed for UCP2 antibody. Cyclophilin D (CypD) served as the loading

1DEC and MCUDEC ECs. Data indicate mean ± SEM. *p < 0.05; n = 3. p, pro-

CUR1fl/fl, and cMCUR1 KO cells. After basal OCRwasmeasured, oligomycin,

ean basal OCR, maximal OCR, and proton leak. Data indicate mean ± SEM.

ere cotransfected with MCUR1-V5 and MCU-FLAG or EMRE-FLAG plasmids.

ingMCUR1-V5/MCU-FLAG orMCUR1-V5/EMRE-FLAG either individually or in

tibodies (n = 3). Scr, scrambled.
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voltage ramp (from �160 to 80 mV, 120 mV/s). Samples were discarded if the

break-in took longer than 5 s after the addition of 5 mM Ca2+. Currents were

recorded using an Axon200B patch-clamp amplifier with a Digidata 1320A

acquisition board (pCLAMP 10.0 software; Axon Instruments). The external/

bath solution (5 mM Ca2+) was chosen on the basis of previous measurements

(Hoffman et al., 2013).

Ca2+ Uptake and DJm Measurement in Permeabilized Cells

The simultaneous measurement of DJm and extramitochondrial Ca2+

([Ca2+]out) clearance was achieved by loading the permeabilized cells with

JC-1 (800 nM) and Fura-2FF (0.5 mM), respectively, as described earlier (Mal-

lilankaraman et al., 2012a; Shanmughapriya et al., 2015a). Details can be found

in the Supplemental Experimental Procedures.

BiFC Assay

To visualize protein binding, plasmids were created for BiFC of Venus using

N-terminal (VN) and C-terminal (VC) reporter fragments, as previously

described (Kodama and Hu, 2010). In brief, the coding region of each

cDNA (MCUR1, MCU, MICU1, EMRE, and PPIF) was amplified by PCR

and cloned into pBiFC-VC155 (Addgene plasmid 22011) to generate the

corresponding cDNA-VC protein expressed in frame. Similarly, all the

cDNAs were also cloned into pBiFC-VN155 (Addgene plasmid 27097) to

generate the corresponding cDNA-VN protein expressed in frame. HeLa

cells were plated in six-well plates containing 0.2% gelatin-coated glass

coverslips and transfected with corresponding plasmid encoding for

MCU complex component proteins fused with VN and VC reporter frag-

ments. After 36 hr, cells were loaded with tetramethylrhodamine, methyl

ester (TMRM; 100 nM) for 30 min at 37�C for mitochondrial staining.

Note: Basal autofluorescence was observed in non-expressing cells that

was considered negative. Image acquisition was performed using a Carl

Zeiss 510 confocal microscope using a 633 oil objective with excitation

at 514 and 561 nm. Intensity profiles were created using line scans for rela-

tive fluorescence of BiFC/TMRE using Carl Zeiss ZEN 2010 imaging

software.

Size Exclusion Chromatographic Analysis of MCU Complex

The single or co-transfected HEK293T cleared cell lysates were directly loaded

onto a Superdex 200 FPLC column (ÄKTA Pure FPLC; GE Healthcare) at a flow

rate of 0.5 ml/min (Park et al., 2009; Shanmughapriya et al., 2015a). Fractions

were collected and analyzed for MCU complex. Details can be found in the

Supplemental Experimental Procedures.

Proteomic Analysis of MCUR1 Interacting Proteins

The MCUR1-FLAG immunoprecipitated products were identified by

label-free proteomics (PAGE followed by liquid chromatography-tandem

mass spectrometry; GeLC-MS/MS), as previously described (Boden

et al., 2015). Details can be found in the Supplemental Experimental

Procedures.

Autophagy

Autophagy was monitored using monomeric RFP (mRFP)-GFP-LC3 confocal

microscopy and p62 and LC3 immunoblotting. Details can be found in the

Supplemental Experimental Procedures.

Statistical Analysis

Data were expressed as mean ± SE. Statistical significance was evaluated via

Student’s unpaired t test and one-way and two-way ANOVAs. p < 0.05 was

considered statistically significant. All experiments were conducted at least

three times, unless specified. Data were plotted either with Sigma Plot 11.0

software or GraphPad Prism version 6 software.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

four figures, and one table and can be found with this article online at http://

dx.doi.org/10.1016/j.celrep.2016.04.050.
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